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PREFACE

Before the 1973 crisis, safe expedition of traffic was certainly the essential concn of both the users and the Air
Traffic Control Authorities. The operators aimed generally to fly close to maximum allowable speed, the consumption
incidence on the operating cost remaining within reasonable limits. In fact, the price of fuel was kept practically
constant from 1900 to 1973; in actual terms it even decreased over extended periods. Then the tide turned: in less
than ten years, fuel prices have increased tenfold. Now that fuel has become the highest "single item" (at least 50
percent) in air transport operating cost, this has had a direct influence on the policies and economy of aviation resulting
in the operations criteria being revised accordingly.

On all sides, appreciable efforts are being made or requested to attenuate the impact of the escalation of fuel prices
on operating costs. The present situation renders critical the airlines' economy and even threatens their existence. Given
that the military allocations are limited, the question of how airspace should be shared can be a crucial subject during
discussions of the civil/military coordination aspects.

From a different point of view, automation and/or supporting techniques offer broad scope for the consideration
of concepts hardly conceivable some twenty years ago. From avionics, flight mechanics, guidance and control to data
processing and communications developments, it is certain that advanced technology is available today to enable an
entire flight to be conducted in a completely automatic mode. At the same time some small aircraft will proceed with
minimum onboard equipment in accordance with visual flight rules. Between these two extremes, the existing fleet
operates to rules specified by ground-based authorities (control, environment, ..

Faced with a host of contradictory requirements, offered a wide range of new techniques and automated aids, can
or should Air Traffic Control revise its attitude, rules and current conduct of the control of aircraft? The answer is a
resounding "YES". Critical surveys of the various sources of fuel savings involving manufacturers, operators, air traffic
authorities etc. and ranging from day-to-day maintenance to the design of new powerplants, clearly indicate that
potential contributions of Air Traffic Control to the economy of air transportation are considerable; this is probably
the most substantial contribution which can and will be made in the next ten years.

In Western Europe, more specifically in the region covered by the EUROCONTROL Route Charges System, the
excess cost of flights (actual as against ideal) is estimated to be at least equivalent to two million tons of fuel per year, !
one million for the excess route lengths and one million for the use of non-optimum trajectories in the present air-route
network.

It is believed, and in some cases established, that the expected benefits which would result from the measures
proposed would easily compensate for the investment required. The Air Traffic Authorities conscious of these facts
have taken local measures to ease the situation. National and International Administrations have published exhaustive
lists of possble contributions to the reduction of fuel consumption and precise recommendations have reached
international assemblies. However, the process of reviewing control standards and procedures is progressinj at an
extremely slow pace, indeed, the conception and acceptance of advanced aids requires the build-up of a high level of
confidence both on the ground and in the air. In the United States, the Federal Aviation Administration has defined a
plan to modernise the present system while providing a framework for the future National Airspace System. This
appears to be the first time that Air Traffic Control is, as a whole, being considered as a hlarg-scale system, i.e. the
control operation resulting from the objectives, needs and multiple functions which may be developed using modern
science, enginering and technology.

The Guidance and Control Panel of AGARD is closely amociated with the developments made or applicable in the
field of air traffic (m for Instance "Air Traffic Control Systems" CP-IOS, 1972; "Plans and Developments for Air
Traffic Systems" CP-IS8, 1975; "A eview of Modern Air Trfft Contral", Vols. l and 2, AG-209, 1975, "Air Traffic
Management, CivI/Mlltay Systems and Tednologies" CP-273, 1979). At this stap, it was reasonable to attempt to
produce a stateof4hert eview, v tig dhe Military and the Cvl Opeators, the Air Trafic Control Authoriti, the
Rserch Institutions and Speckilid Consultants to expm thei concern and requirements, to show deir

,= ontribution or expose their plan and, aboe all, to excmg objectve view on a subject affecting al concerned with
avton in em and air hnqxot in particulor.

T opportunty for mch an event was offered by the initiative of the Portuuse National Diption to AGARD,
invitin the Guidance and Control Pand to oqpase a pecil om da msn to eview the preent itustion in fae of

_-the nars' requiremvents, economic constraints and developmets in tehoclAg. TM matril svailable in the NAID
coutries could readly be brought to an open form Ilm s to o exceptional rpos of all Athorities md
_ai c concened.
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SITUATION PRESENTE, ET DESOINS

par

Max Gayrard
Air France

Direction des Operations Adriennes, DO NR
Citd Air France, Unit6 Centrale, B.P. 10201

95703 Roissy Charles de Gaulle Cedox, France

I VoilA un beau th~me de rdflexion lancE comme un ddfi & Ia communaut6 internationale a~ronautique. Mais cc d~fi
est bien A la inesure des problimes de circulation a~rienneoen Europe commo darn lo reste du monde.

2. Maigr son diveloppement spectaculaire, le transport airen reste fragile, vuln~rable et sensible aux moindres aWas.
11 souffre tout & Is fois, d'une sous capacit6 de l'ATC qui limite le volume do son trafic et do conditions
d'exploitation quitle pdnalisnt en consommation do carburant et en temps de vol. Cen faiblesses qwi r~duisent le
rendemnent 6conomique du syst~m. ont 6t0 mises en 6vidence par le renchirissement dui cofit du carburant survenu
d~s 1973/74 at amplifldes par le 26me choc p~trolier du 1979/1980.

Le r~sultat eat une diminution de Is compdtitivith du transport aiin ot une menace sur son expansion.

3. Do lour c~tE, los forces adriennes sont soumises A des contraintes; op~rationnelles extrimement sdv~res. Les
systimes d'armes dont cnes disposent, do plus en plus perfectionnds, s'acconunodent mat des rigles strictes do
r~partition do l'espaco en plan at en niveau, quz, il n'y a pas longtemps encore, rdpondaiont largement i leurs:
bosoins.

4. Face A ces bosomns, doux axes d'offorts soot A priviligier, I'm visant A une meiflure utiisation do l'espace airien, par
Ios uuageus civils at nilitalres, l'autro k une meiliure gestion du trafic a~rien.

5. Le premier objectif no pout 6tre r~solu quo par tine approche nouvelle dui d~licat problimo do Is r~partition
do l'espace entre civils ot militaires.

DEjA tine attitude favorable des autorit~s reuponsables dans les principaux 6tats ouropdens permet d'obtenir un plus

grand nomnbre do routes directos pour lea compagfios tout en r~pondant mioux aux bosomns 16gitimes des militaires. I
11 faudra probablenient aller plus loin, on modiflant los rigls d'utilisation do l'espace adrien pour le plus grand
b~ndfice, tout A la foss, des civils et des militaires.

Dans cc domain., il exist un large champ d'action qui m~rit. d'Etre explorE pour le plus grand bion do la
communaut6 aironautique.

6. Maim il no muffit pas d'adaptor l'tillaation des espaces aux bosoins do l'ensemblo des usagers. Faut-il encore visor A
mietix gdzer Ie trafic adron ot IA j'addrsers in plaidoyer en favour do m~thodes do contrble pormmttant do
satisfalr lea bosoks propros do clique umager on fonction do I& situation rnell. do I'onsemble du trafic pour retenir,
cheque tols quo possible la route Is plus direct., le niveau do vol le plus proche du nivoam do vol optimal ot en

Los compaglum invostisment darn des systises do pr~paration do vol et do gestion do mmlvi de vol do plus on plus

pelfectlnd pour r~duire lour consommation do cadwuant. Riles attendant du contr~l. des m~thodos do gestion
do trafle, motns simplificatrices quo cellos encore en uaoaujourd'hul et plus en accord avoc los rialtds

Ecoomluosauxquoilos s~Os sont confrontdes. 7
7. En d~finitive quobs sont los points qul, d'une fagon ou d'une autre, mdritent tout. notre attention. Certainoment,

en premier lieu, tine nifloxion commune entro civim ot militaires qul devnalt ddboucher sur des actions visant A
naleux fakse cospondre Ins r~go d'utllimaton do l'oquace aux bosomns do l'ensomblo des usagers. En dauxifto
Maeu, tine meftum udtilon des mayens ddJA existants pour acaroftre los pmrfornances du systimo ATC, tant on
mattirs do cmaeit (Awspontuiro, ewac a 'en) Wuon mattWr do coot (meiliur itistoment do llnfratructure
aux bosains r"e dos Iwgr) aofn tin diveloppement massE des diffirent. composmats du sysmimo Ait en
valiant, A chaque pea, quo l'efit" rAburhie nos futme pea au d~triment do l'Econombo du tranport adden per
Is bisi de rodevise purques aups des compagmies.

kasb coavau qua coft smdsi cosat emss A hs am=co so riflexis does Nou a= main do ces dameaws
Co init en s wimma& su cuuimteurs do as sysupaduam, quo jo dens wvant tout A nemmim, et ax oonfihs,
UNs ebbm qua mlhtemum qui vast =s suim le Ismcs.
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PRESENT SITUATION AND REQUIREMENTS

1. This topic gives fcad for thought and is a challenge to the international aeronautical community. This challenge is
indeed proportionate to air traffic problems in Europe as well as all over the world.

2. Despite its spectacular development, air transport remains vulnerable and susceptible to the slightest adverse events.
It suffers from the insufficient capacity of the ATC which sets limits to the volume of air traffic, as well as from
the operating conditions which entail penalties with regard to fuel consumption and flying time. Such short-
comings, which reduce the economical efficiency of the system, were shown up by the rise in fuel cost which took
place as early as 1973/74 and amplified by the second fuel crisis in 1979/1980.

As a result, the competitiveness of air transport is reduced and its extension threatened.

3. In addition, the air forces are subject to extremely severe operational constraints. Their increasingly sophisticated
weapon systems do not comply easily with strict rules of space distribution either on the horizontal or vertical
planes, although these rules were still suited to their needs until recently.

4. To meet these requirements, efforts should be directed along two lines:
1) better air space utilization by civilian and military users;
2) better air traffic management.

S. The first objective can only be reached through a new approach to the difficult problem of space distribution
among civilian and military users.

Already, thanks to the favourable attitude of the authorities concerned in the main European states, a large number
of direct air routes can be obtained for airlines while the legitimate needs of the military am more suitably met.
However, one should probably pursue this effort by modifying the rules which govern the use of the air space, for
the benefit of both civilian and military users.

Along this line, there is a wide field of action which deserves to be explored for the benefit of the aeronautical
community.

6. However, adapting the use of spaces to the needs of the overall users is not a sufficient measure. In addition, one
should strive for a better management of air traffic. In this regard, I wish to advocate control methods which make
it possible to meet the specific needs of each user based on the actual overall traffic situation and to select,
whenever possible, the most direct air route and the flight level the closest to the optimum, while leaving the choice
of speeds to the pilot.

To reduce their fuel consumption, airlines invest money in increasingly sophisticated flight pknnmg methods and
flight monitoring systems. They expect the ATC to provide them with air traffic management methods
containing more information than is supplied today and better suited to the economical realities with which they
are confronted.

7. In fact, what we the points which claim our attention in some way or other? Firstly, by all means, the problems
should be studied jointly by civilian and military users with a view to defining actions which would EnsMe that the
rules of space utilization are suited to meet with the needs of all the users. Secondly, the means already existing
should be used more efficiently to increa e the performance of the ATC system as regards both capacity (airports,
sir spie) and cost (better adaptation of the infastructure to the genuine needs of the urs), and lastly an
integrated development of the various ATC system components taking care, at each ste, that the efficiency sought
is not achieved to the p*udlice of the air trnport economy on account of the fees charged to the airlines.

I am convinced that this meeting will contribute to stimulate our thinking in at least one of then fields. We. da
be indebted for this to the osanizes of this Sympodum, whom I wish to thank, and to the authors of peper, both
dvilian and military, who will ensure the succem of the meeting.

Li __
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A UK NAS VIM TO R AFFIC IWIUIDIT MRMZ3DD IN =3 NMT ICAEK

Director of Control (Requirements)
Civil Aviation Authority
Ig5/59 Yr.ngsuay
zAMOM WCaB 622

'fthi paper review. the main categories of user demand in United Kingdom airspace at
present and the Air Traffic Management infrastructure currently provided.

It describes aspects of NAS plan. for improvement and modrisation of ATC facilities
and the relationship of these plans to improved economy and fuel conservation is outlined.
The main focus of these plans is related to development of AMC capability in the london and
South ent England area, therefore the re-development of the London Air Traffic Control Centre
in described in the context of the theme of the Special Session.

The relationship applicable to the United Kingdom between financial policy, implementation
plans and the cost to system users is discusse" in view of the constraints it places on the
ability of the A2C system to meet cocmmercial demand for the most economic service."

I hope the theme of my talk will prove to be a worthwhile start to your Seminar on "Air Traffic Control
in Face of Users Demand and Economy Constraints". As time is short I will have to ignore the historical
factors which have influenced the Air Traffic Mansgement organisation and methods employed in the United
Kingdom Airspace snd begin with a brief review of the current situation.

The airspace uers can be divided into three arbitrary categories - military, civil and recreational.
These are not wtertight compartments; there are areas of overlap, and fringe activities, but the three
classes serve to identify the main areas of comon interest and mutual conflict.

First I will address civil coemercial operations. The public transport operator is essentially
concerned with safety, reliability and economy. In many cases his activities are predictable and planned in
advance. He r~equires his flight to be injected, at the time of his choice, into a system permitting him to
fly the most ecnomis profile direct to its destination and land there without delay, whilst being protected
absolutely from the danger of collision with other traffic. He needs a comprehensive network of accurate
navigational and approach aide to allow him to provide his services in all weather. The system should aflow
him to cross the boundaries of national airspace without discontinuity of service or marked disparity in
traffic capacity. He is accustomed to and expects a high standard of positive control from the ground, as
the operation of a reliable public transport service depends upon a close working relationship between the

operator and the A2C system.
The second category of user is the military, including in cur case not only the Royal Air Force but the

Navy, the Army, the test and development organisation, the USAF and the other allied air forces which use
our airspace for training from tim to time.

With the exception of the transport force and comunications squadrons (whoe airspace requirements are
ore like these of somercial operators) the vast majority of military peacetime flying is training, at

various levels *f experience; training airorew for a war which would entail flying in a hostile environment
were, at best, there would be only limitad advice from the pround and at worst the local airspace management

people would be trying to eliminate them from the scene altogether.

Thu in military flying the egaais is on self-reliace rather than pround-based nvigational aids; on
the freedom of smosuvre rather than clase control. It is only fair to add that vdrious military authorities
differ in their assesment of the extent to whick effective oatrol from the pround could be accomplished is
a future mar; hom the epasis placed on inisPeadest operation in the traliig VVIroOMMe. Ever, this is
a variation in degree only, and a military pilot mat be trained to operate effectively without help from the

Mes aepmiwemat far air traffic servies are viny different, esMyrisin tersiftl dQntVQl at airfilds,8
Ma =*Wely sate for demsac sad weeswery' ara major base in powr weather, AMi asen erh y anwoniestion.

A Ut amaties OVIes Is ematimeS Useful e Utrate isfeauntieft ad 0oflielM aveidse ervice
&wvw1outbetmwMa W as and woa rmp at Um flying steam. then military aiwrrft rea a ir

usgue selvise it is cOnes merely to nor alrsO*IOVte Ma artifisia airsPae ebstruetion sWated 1W
th Uste AI MIn OWe MAr p16se. Maverthelees, filitery aetiwitien themelves create the RWeed roteetive
aspeseM aemS mgme ,-NWee mash as weepes reagem, with aerrqmpoadin effeet. a eter airepase were.

"W d14e 4Xa tw21 tam Is Met 1is" to~ -I sIOr miltar is liste as %qenel kAwiam.
2" AS M* *1s oe at detU It Ifat fiel 6O s mads of uWer reqsuasots a it MteacMW

a.W-WeWW- so~ UejMgii a to l eu 4mN sisee "as seek aufie asVits.o

a ame it ma as am goalin amS art-dotes hollter
qued I"^e we D #,"a ad -oo U trM ethe MMafic ma ther oft aiw-tawi

~ sed oSir MOM isre airp1bad Ma i11 V etrie Oe " ther i bas" be of
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recreational flying which is the third category NAMA have to serve. This flying comes in many sdpes
and sizes and the traditional club, training, local pleasure and private activity at bigger aewodromes is
only part of the scene. The gliding fraternity (hang-and conventional) want the minim of restriction
and interference but like their flying sites and soaring locations protected from intrusion. Flying clubs
and private owners may like air traffic control around their own aerodromes, they do not require a service
elsewhere but do want sufficient navigational aids around the country. They ae sometimes not averse to
taking an advisory c collision avoidatce service but some who do not carry radio are inconvenienced by an
airspace restriction which requires communication with the ground.

Recreational flying shares with military aviation a large measure of independence from air traffic
services away from the aerodrome. However, since it is not subject to the same centralised direction as
military flying, it is loe amenable to the imposition of an air traffic service if this is necessary for
safety and it can conflict with military interests where airspace restrictions need to be imposed for
military purposes.

I will now describe our present airspace structure with which NATS attempts to meet the needs of our
3 classes of airspace users.

Starting with public transport, our route structure is largely determined by geographical facts;
internal routes must run from London to the major provincial centres. Moreover since the United Kingdom lies
on the great circle route between Europe and North America, our routes must cater for the majority of Europe's
transatlantic traffic.

In accordance with ICAO practices, we protect the major airports and main routes with controlled airspace.
By the application of an additional rule we make IFM mandatory within most of the controlled airspace so that
all traffic is subject to control. This we consider is highly desirable in order to avoid a mix of controlled
IFR and uncontrolled VFR traffic. The price we pay for this is that an airway becomes more of a hurdle for
non-airways traffic, thus the creation of an airway is a major step invariably resisted by the military and
som factions of General Aviation.

Where traffic intensity does not justify controlled airspace we institute Advisory Routes which allow
for the separation of participating aircraft but no formal protection from other traffic. Under ICAO
definition the AM is seen as a temporary measure but we tend to treat them as a permanent compromise and
they are generally treated with respect by other users.

In the open FIR the freedom for all sorts of traffic to proceed at will results in a requirement for a
voluntary separation service, generally provided by military controllers. This takes the form of a Radar
Advisory Service, provided on request within cover from NA1S units and the Lower Airspace Radar Advisory
Service which fills in much of the airspace below FL 95 and is provided from military airfields and one civil
airport. These services do require an aircraft to maintain a given headir 6 and level and are thus only
suitable for off-route traffic in transit. We have recently added a more relaxed Traffic Information Service
for those who wish to manoeuvre freely but still like information on what is going on around them.

Above FL 245 a totally different arrangement exists. Most of this airspace is not "controlled" in
athe formal sense but is covered by a Special Rule which requires all civil aircraft to be under an air

traffic service, while the same airspace is divided into Mandatory Radar Service Areas which cause military *
aircraft to take a service from a military controller. The airways are projected upwards in the form of
Upper Routes and operating procedures ensure that civil and military controllers coordinate traffic movements.
The advantage of this arrangement is that although civil traffic may often be confined to the Upper Routes,
there is no reason why it cannot take a more direct track if off-route conditions permit; it can remain under
the same controller and suffers no loss of protection.

There is of course a requirement for military aircraft to carry out free manoeuvres in the Upper
Airspace and we designate quite large Military Training Areas covering such activity. Within certain hours
access has to be denied to controlled traffic.

Raving briefly covered the factors which have influenced the characteristics of our current airspace
design I mut now consider its ability to meet the traffic demand. The last twenty years have seen a three-
fold increase in the volume of en route traffic and a doubling of the altitude at which most of it wishe to
fly. Similarly air transport movements at the London airports has grown at the same rate. This growth has
created a situation in which a large number of operators wish to use the same runways or fly the sane routes
at one time. The combined effects of curfew hours and passenger preference, especially where long haul and
internal flights are competing for the same facilities, create a far greater degree of conflict and delay than
would arise in a random distribution.

There is clearly a limit to the number of direct routes that can be established even before we come to
consider the needs of the off-route operators. At first glance one might imagine that the current network of
routem in the Central European area would cater fw all needs, yet there are still frequent complaints about
dog-leggihg and indirect routeing. The difficulty is that the number of crossing points increases with
proliferation of routes and every crossing point represents a potential traffic conflict which needs to be
monitored. There has to be a balance between the ideal of direct routes from everywhere to everywhere and
the control centre's capacity, with current skills and equipments to monitor a finite umber of crossing
points.

traffic demnd still exceeds system eapacity at times and looking back over the last 10 year* ono
extremely adverse faster has been the replacemeat of turbo-projellor traffic which e ontent to craise at
up to 20,000 ft by Asrt sad medim haul JeU with a stUrg' peferenee for fi 270 to 330. Above PL 20
20ooft vertical sepamtism maust be povided so Lift"ag eUs sia levels available. Undr oditiems of
route matwatiem moe mrt of flow entr l is iaevitabte and at sds times the airla that am onfortay
accep a wide tsape. oruising levels is ort its mih in Veld
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In the medium term there is great scope for improving overall route capacity by the elimination of
bottlenecks which have an effect throughout the European system. In the longer term any absolute increase
must stem from either a reduction in separation standards or an expansion of the physical dimensions of the
en-route system. However a reduction in separation standards is a very long process which can only be
introduced when the preponderance of traffic ha proved its ability to meet more demanding tolerances. An
expansion of the route system runs counter to the interests of off-route operators - military and civil - and
can be considered only as a last resort.

During the period of growth of en-route traffic the centre of gravity of military training has swung to
low level, and despite a serious reduction in the numbers of military aircraft based in this country, their
performance and capability for all-weather operations continues to place great demands on available airspace.
General Aviation has increased by at least " and ha diversified almost out of recognition.

Airspace management has changed to meet changing circumstances and this has tended to be an evolutionary
process. Inevitably there will be further shifts in the balance of requirements and there will be overall
traffic growth but perhaps not at the rate we have experienced in the past.

Clearly the application of airspace management and design policies must be accompanied by the provision
of compatible technical facilities to meet the demand for which the airspace structure has been designed.

During the same 20 year period the Air Traffic Services facilities have developed to meet the
increasing demand and changing user requirements and now rely almost entirely on the use of radar to supply
the basic surveillance information needed by ATC and to permit the use of smaller separation standards to
expedite the traffic flow.

The introduction of Secondary Radar has enabled the aircraft discrete identity and height to be used on
improved radar displays to ease the controllers task and improve his capacity. In the United Kingdom our
Air Traffic Services for en-route flights are mostly concentrated at the iondon ATCC at West Drayton and at
the Scottish ATCC at Prestwick. The latter centre also contains the Shanwick Oceanic Control Centre
responsible for the eastern half of the North Atlantic adjacent to Europe. At each of theme units there is
an increasing use of automation to provide better display systems, to improve the speed and accuracy of
coordination of flight movements by automatic data transfer both internally and to adjacent centres in Europe,
all this aimed at increasing the capacity and efficiency of the system.

In the past the provision of ATC facilities has largely been related to the ICAO objectives of Air
Traffic Services, to facilitate a safe orderly and expeditious flow of traffic. During the years of growth
the avoidance of delay has been one of the prime considerations in trying to meet the demands of the airspace
users. More recently two important factors have assumed much greater influence, firstly the political decision
that the industry should bear the costs of the infrastructure provided for its use, both at airports and
en-route, and secondly the shortage and high cost of fuel.

These fuel costs resulted in demands for ATC systems to use methods which reduce the amount of fuel
used in flight by providing the most efficient flight profile from departure to arrival and this infers the
elimination of in-flight holding. This however is accompanied by a resistance to procedures such as
scheduling and flow control which affect the freedom of a user to plan his flight when he wishes. These
methods are used to soae extent in the United Kingdom where, at the busy London Airports, Scheduling Comamittees
of users plan their operations according to the declared capacity of the runways to minimise delays induced
by their own demand. Flow control procedures are enforced by ATC dhen demand is excessive due to abnormal
factors within the United Kingdom airspace or due to the requirements of other National Air Traffic
Management authorities.

As you will hear from Mr Barber in the next presentation much thought bas been devoted to the potential
for saving fuel and many individual possibilities have been identified. However a number of these require
capital investment in ground and airborne facilities. The cost of providing and maintaining thes must
inevitably fall on the airspace user therefore it is important to be sure that the financial saving on fuel
is not exceeded by the cost of saving it. This is particularly critical now when airlines are suffering
badly from the world recession and we are finding it more difficult to find money to invest in new ATC
facilities.

In the United Kingdom our ATC investment plan is subject to strict annual cash limits which cover
expenditure to maintain our existing facilities and now equipment to provide a more advanced ATC system. The
need to prove that the investment is cost effective is crucial except when safety considerations are clearly
paramount.

Our latest Capital Investment Plan has been compiled to take the financial stringencies into account
and I hope to illustrate its potential contribution to fuel saving over the next ten years. I will do this
by describing the largest project now under mya, the redevelopment of the Zmndon Air Traffic Control Centre.

The objectives of this project can be fairly simply sumarised as follows; not necessarily in order of

priority:

1. Modernisation of an obsolescent system

2. Centralization of area Air Traffic Services at london ATCC

3. Maximum ne of the IM 9020D computer

4. A coemon data base for on-route and off-route services
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5. Steady progression to more advanced ATC techniques based on data processing

6. Provision of more capacity for traffic demand

7. More efficient use of available airspace.

The system improvements we will provide are:-

1. Comprehensive use of the 9020D data bane

2. An Electronic Data Display and Update System (EDDS) - a sophisticated traffic display and
automatic data transfer system

3. New radar sensors - primsry and SSR with monopulse giving a more accurate surveillance system

4. An advanced Radar Data Processing System giving a mosaic radar picture

5. New ATC Furniture with modern input devices to the computer and communications systm

6. Modern 23 inch near vertical radar displays

7. New Radio Dietribution equipment

8. New telephone system

9. Support Information and Retrieval System (SIBS)

10. Military Airfield Remote Entry Terminals (MARET)

11. Capability for rapid system reconfiguration.

The current Radar Replacement Programme is part of a plan to improve the quality of surveillance data
to be used in the automation programme. The application of monopulse techniques which arises from our
research into Node S, enables us to overcome the more serious effects of track jitter, and garbling whilat
improving the effective cover of our SSR equipment. Without requiring a new transponder fit in aircraft it
will improve our radar system, probably as far an is practical until the introduction of Mode S stations can
be shown to be cot-effective in UK airspace. Within the next few years the current progamm will be
extended to the Scottish FIR and will include, about 1985, a now radar site to provide better cover of the
N4orth Atlantic approaches.

Within the same timescale we expect to make similar improvements at the Scottish ATCC at Prestwick, a
fairly modern dometic centre opened in 1978. There too, we are installing a flight data processing system
at the Oceanic centre and expect this to be operational in the winter of 1984/85.

Turning to the aerodrome scene for a few moments, the AC capacity is directly related to the runway
movement rate Which can be achieved in instrument conditions. Except at Heathrow and Gatwick we have no
great problems in this respect. There is a Public Inquiry in progress to help determine whether Stansted
should be developed an a major third landon Airport. It is possible therefore that we will have to develop
our facilities there and if so revise our AfC system in the London Terminal Area as a whole. this aspect is
under active study at present and the need for a fuel-efficient operation is prominent in our minds.

We hope to replace our radar equipment at a number of aerodromes and provide a modest nuber of SSR
processing system where this is cost-effective. An 118 replacement programme is being undertaken to carry us
through to the introduction .of MIS when it is deployed internationally an the standard system.

Time does not allow me to cover all aspects of our Investment Plan but having used a few important
examples I would like to conclude with a few thougts on the combined effects of our airspace management
policy and its supporting technical facilities.

We se little prospect of a major re-design of our airspace structure an it appears quite impracticable
to cater for total freedom, maxi protection and minimum fuel costs for all airspace users.

However the centraliation of our Air Traffic Services supported by advancing automation and the creationof a sophisticated data base shoutld enable us to nuke better wse of airspace. In 1983 we intend to make the
use of S mandatory above m 100 and w ay then be able to work towards a uniform airspace within which al
traffic is under air traffic srvice, except within s Military trainin Aram. These could be sectorised
vertically and horizontall, opened and closed an demand, thus allwn some genuine "Airspace Sharing" and

allo g direct eting of controlled en-route traffic when the areas ware not required for military se.

we see continuation of the current 'airspace rationing" below L 100, where airways will still be
required for helicopter and STOL services and Where it will still be possible for traffic to operate fely
in uncontrolled airspace, if necessary without tranandwes or radio.

Control Zones and Terminal Areas will probably remain ore or les the same size as at present, but
completely reorganised internally to provide for optimum perfomance departures and metered arrivals, perbap
exploiting on-board flight management systems. Considerable development and investment in ATC automation
will be easential, possibly associated with the deploment of Node 8 and data link, but all this is unlikely
to com to fruition or be cost-effective in the UK for another 15-20 years.
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There will be no easy no coat" solution to achieve absolute freedom of operation tar all users of eur
relatively mall airspace and it seems likely that, except for low-level fliht, the beet prospect Uies in
the development of automated techniques. These we believe wall enable us to increse our system capacity tohandle increased demand economically and safely. MATS in giviJng considerable support to reearch and develop-
sent and Mr Baber will be giving more detail on the United Kingdompga mme in the next preentation.

' Clearly, NATS has a vested inter-est in the economic health of its cutomers and intends to give te

, every assistance in flying the shortest distance between "two dollar not*&".

ii
_°I.

It

.... m m m m . .... .k.... , m m,



3-I

FUEL CONSERVATION AND ECONOMY CONSTRAINTS

D. Barber, Director, Technical Research and Development
J.C. Norrall, Chief Scientist

Civil Aviation Authority
CAA House

45-59 Kingsway
London WC2B 6TE

UK

SUMMARY

Fuel conservation in civil aviation may be achieved by increasing the efficiency of
the aircraft themselves, by operating the aircraft more efficiently, and by providing them
with a more efficient air traffic environment. This paper discusses these three aspects
briefly, and goes on to examine possible improvemepts in the air traffic management
environment in more detail. Finally, attention is drawn to the Research and Development
programme needed to achieve fuel conservation by improved air traffic management.

I INTRODUCTION

There has been much appraisal and assessment in recent years of means by which fuel
may be saved in civil aviation. Not only is it important to conserve a dwindling natural
resource, but also fuel economy is crucial to the survival of many commercial airlines.
In civil aviation, there is potential for fuel economy by increasing the efficiency of the
aircraft themselves, of the way in which those aircraft are operated, and of the ATM
environment in which they operate. In the UK a study team, known as the Air Traffic
Management Fuel Conservation Working Group has been investigating this latter area in
detail. The Group comprises representatives of the UK Civil Aviation Authority, the
Government Research Establishments, the Airlines and the relevant sectors of Industry.
This paper is based on the findings of that Working Group.

2 POTENTIAL FOR FUEL SAVING

The three aspects of civil aviation which offer potential for fuel economy are
discussed briefly in the following paragraphs:

(a) The dircraft (airframe, propulsion and avionics)

The potential for improving the efficiency of aircraft has been estimated
by many people and a summary of their results is given in Fig 1. From this
it can be seen that compared with aircraft entering service in 1978, new
aircraft types entering service in 1990 could be using 30% less fuel and
for those by the year 2000, 50% less fuel.

(b) The operation of aircraft (flight control, procedures, flight
planning, maintenance, etc.)

The fuel saving to be gained from the efficient operation of the aircraft
itself depends upon the modus operandi of the individual operator.

As the cost of fuel is increasing faster than other flying time related
costs, operating speeds for minimum cost have generally been reduced, and
are now close to the minimum fuel/maximum range speeds. This has typically
produced savings of some 2-3%. Safety remains the prime factor, but the
increases in fuel price are making all airlines give more consideration to
the fuel efficiency of the operation. This Is through the use of climb,
cruise and descent speeds related to actual aircraft weight, minimising
time spent In high drag configurations by early flap retraction after take-
off and with delayed flap and gear extension on approach to land etc.

The more efficient airlines have been using such techniques for many years,
and their recent savings (approx 3%), primarily come from speed reductions.

Airlines that have practised more standardised procedures in the past at
the expense of fuel efficiency can show savings of over 10% by adopting
more flexible techniques.

(c) The operating environment

The fuel penalties resulting from the shortcomings In the operating
environment can be estimated with a reasonable degree of confidence.
The "idealm standard against which the penalties have been derived assumes
the aircraft flies the shortest route, achieves the optimum flight profile
and has zero delay. Having established the penalties, it is a matter of
Judgment to decide the potential for fuel saving. Figures 2 and 3 show
the estimated percentage fuel penalties and potential savings for operations
in UK/Europe and across the North Atlantic. 

Detailed *conservativer

overall estimates are given in Table 1. It is recognised that it would

I
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not be possible in the 'real* world to reduce the fuel penalties
to zero and the results given in Figures 2 and 3 indicate what
fuel savings might be achieved. It will be seen that the potential
fuel savings are estimated at about 30% of the penalty in UK/Europe
and about 40% over the North Atlantic.

The aim of this examination of the operating environment has been to attempt to quantify
the potential for fuel saving by increasing the efficiency of ATM and to place the result
into perspective against the other two areas where improved efficiency should be achieved.
Comparing the three areas, then, by the turn of the century, the area associated with
developing the aircraft has the greatest potential by at least an order of magnitude.
Nevertheless, the potential savings due to improved ATM are significant, and warrant
further attention.

3 THE ACHIEVEMENT OF FUEL CONSERVATION IN AIR TRAFFIC MANAGEMENT

It is suggested that there are four main means by which fuel saving might be
achieved, namely:

I) Education

ii) Minimising constraints

PII) Research and Development

a) by ensuring that relevant present and planned R and D
programmes take note of the need for fuel conservation, and

b) by initiating new R and D programmes aimed primarily at fuel
conservation.

iv) Implementation

3.1 Education

The need to create an awareness, by education if necessary, in all those involved
in the operation and control of civil aircraft of the need for fuel conservation is an
important action. This does not only apply to aircrew and controllers, it should embrace
for example designers of airfields, and of equipment, those responsible for Research and
Development programmes etc. The means by which fuel can be conserved should be a key
message In personnel training programmes.

3.2 Minimising constraints

There are many constraints and problems in ATC which militate against fuel conserv-
ation and the main ones which were identified are listed below against the three require-
ments for fuel conservation, but not necessarily in order of priority:

I) Shortest Route

Achievement of the shortest route is heavily penalised by constraints:
a) aerodynamic: aircraft have to take-off and land into wind

b) noise: preferential noise routes have to be flown

c) airspace
restrictions: civil, military and general aviation have to

share limited airspace
d) restricted military require certain airspace for specific

military areas: purposes, e.g. weapon ranges

e) location of historical position of airports and their users
airports and users: does not necessarily lend itself to minimum

route length. For multi-airport cities,
sectorisation would give the optimum utilisation

f) location of historical position of navaids may not allow
navaids: shortest route

g) implementation of failure or delay in Implementing regional plans
navaids:

h) International the need to interface routes with neighbouring
borders: countries may increase route mileage

I) meteorological inability to use the up-to-date meteorological
information: situation prevents least time tracks being

achieved across the North Atlantic

ii) Optimum Flight Profile

Constraints which prevent optimum profiles being achieved are:

a) volume of movements: individual aircraft cannot necessarily be given
their optimum profile

b) conflicting flight in busy airspace, e.g. TMA, conflicting require-
paths: ments limit flight paths available
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c) 2000ft separation increases height difference from preferred
above 29,O00ft: flight level

(iii) Zero Delay

Major constraints which cause delays are:

(a) the overriding requirement for safety and its associated separation
standards

(b) the "planned" delays (scheduling) to maximise airport traffic flow
in peak hours

(c) inability to adhere rigidly to overall traffic schedules.

Of these constraints some arise from fundamental or entrenched positions and are unlikely
to be overcome. Others may only be reduced as a result of negotiation: some will respond
to the implementation of technology; others as a result of undertaking R and D.

3.3 Research and Development

3.3.1 UK R and D Capability

It might be of interest to refer briefly to the relevant R and D facilities avail-
able within the UK. In addition to its internal capability, the UK Civil Aviation
Authority has, at its disposal, teams and facilities at Government R and D establishments
(RSRE, RAE and RAF/IAM), in Industry and in the Universities. Together, these comprise a
comprehensive capability fully able to establish the criteria for effective fuel
conservation in air transport. The facilities include:

(a) ground simulations of ATC systems for development and evaluation

(b) a BAe 1-11 aircraft installed with head-down electronic colour
displays, navigation capability, up to 4D Navigation, a Flight
Management System, and a variable auto-pilot

(c) the Advanced Flight Deck at BAe, and

(d) further facilities for the development of ground systems.

3.3.2 Research and Development Requirements

Against the three requirements for fuel conservation, and constraints given above,
a detailed appraisal was undertaken, of the current action, whether involving R and D, or
not, and what action might be initiated in the future. Forty-nine items of the current
programme of Research and Development for Civil Aviation and National Air Traffic Services
were identified as having varying degrees of relevance to the needs of fuel conservation
and some of which could be re-directed to include fuel conservation as part of their aims.

In aiming to achieve the shortest route and/or the optimum flight profile, current
studies using simulation and evaluation, will identify major contributions to fuel saving:

a) Flight Profile Studies to ensure that the future forecast traffic
movement should flow expeditiously are being made. Because they
are aimed at "efficient" and "cost-effective" flight profiles with
minimum delay, they are by implication taking account of fuel
conservation.

b) These studies are aimed at the short, medium and long term, i.e.
well into the mid 1990's.

c) These studies cover movements across the North Atlantic, in UK
airspace and in the interface with Europe.

a d) In the considerations on the achievement of the least-time track

across the North Atlantic and the Optimum flight profile in
controlled airspace, the need for up-to-date meteorological data
and its effective application is evident.

In addition to these studies other current R and D which should assist are:

a) the development of navigation, flight control and flight management systems

b) the identification and development of automated aids for ATC.

Feasibility studies which could establish the need for further R and D are:

) mproved meteorological reporting and forecasting and associated
processing and application

b) reduced vertical separation about 29,O00ft.

Turning now to minimising delays, e major part of the R and D which should assist in
achieving this ai is already underway in the UK. There is work on:

a) obtaining improved knowledge of aircraft position

b) Improved display of information both In the air and on the ground

c) data link developmnt
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d) improved input/output devices

a) relevant human factors investigations

f) conflict alert and avoidance

g) aids to facilitate all-weather operations.

The following additions to this proposed programme are:

a) establish the role of 4D Flight Management Systems in the basic
ATC/aircraft control loop

b) undertake a definition of data link requirement for passing
information between air and ground.

3.4 Implementation

Fuel conservation will only be achieved if the results of Research and Development
are implemented. Equipment plans by the UK National Air Traffic Services (NATS), and new
aircraft types due in service in the 1980's, both take advantage of the latest technology.

3.4.1 NATS Plan

You have already heard details of the MATS plan from the previous speaker. Many
aspects of this programme for enhancing and increasing the capability of the Air Traffic
System, are to cater for increased traffic demand as well as to expedite the traffic flow.
These will have a favourable bearing on fuel conservation.

Areas of particular note are:

a) the progressive introduction of automated flight plan and radar
data processing by utilising the IBM 9020 central computer complex,
complemented by the development of a new Electronic Data Display
and Update System (EDDUS) and Monopulse Secondary Radar Plot Extraction,

b) the development of or planning for flight data interchange links with
European Centres and other communications improvements,

c) the installation of new primary and secondary radars utilising a
co-mounted primary and secondary aerial system, remote control and
monitoring facilities. These radars will take advantage of new
techniques and in the case of secondary radar the SSR monopulse
capability.

The NATS plans including the concentration of all civil and most military en-route
services in the London FIR at the London Control Centre, making maximum use of the IBM
9020 computer complex and providing a common data base for all ATC operations, were seen I
as a sound foundation on which developments aimed at fuel conservation could be built.

In an ideal world many of the proposed ATC improvements should be available
"tomorrow" but in reality rapid implementation is restricted by finance and resources.

3.4.2 Avionics/Ground Aids Standards

The progressive implementation of improved avionic systems into civil aircraft will
significantly increase the contribution the aircraft can make to ATM.

Equipment ranging in capability from Area Nay (RNav) to Flight Management Systems
is already in aircraft, being developed for delivery in the next generation of aircraft
or being retro-fitted to existing aircraft. It is forecast that by 1990 70% of the
aircraft in service will have the capability to achieve a high standard of navigation in
areas where suitable ground aids are available, and of these 40% will also have the
enhanced Flight Management System capability. These estimated percentages increase to
90% and 80% respectively by the year 2000.

The complementary improvements of ground aids must proceed in parallel with the
development and implementation of airborne systems.

4 CONCLUSIONS

There is potential for fuel saving within the ATM system but that which may be
achieved by improving the efficiency of future aircraft types has been estimated to be
at least an order of magnitude greater. In addition airlines have scope to save fuel by
increasing their own efficiency. However, the degree of improvement depends on the
operating and maintenance techniques they have used previously.

The importance of creating an awareness of the need for fuel conservation, by
education if necessary, and of minimustng constraints must be appreciated. The main
action, however, is the setting up of relevant Research and Development programes and
the subsequent implementation of worthwhile results of R and D. The UK has a Research
and Development programme which already includes many items relevant to fuel conservation.
In addition, studies are currently in hand on the feasibility of reducing vertical
separation standards, on the possibility of more effective provision and use of
meteorological data, and on the potential value of data-links between air and ground.
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It is possible that some or all of these considerations will indicate the need for further
R and D.

Finally, it is worth making the point that many of the above suggestions for
saving fuel will themselves involve expenditure, either in the form of investment in
capital equipment or caused by the adoption of more costly procedures. Ordinarily one
would wish to see a financial benefit which exceeds the sums invested. However it is aninteresting question, to which an answer is not attemped here, whether fuel is so precious
a commodity that it is worthwhile incurring an actual increase in net expenditure in
order to conserve it.
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Table I

SUMMARY OF FUEL PENALTIES/SAVINGS FOR

U.K./EUROPE ft NORTH ATLANTIC OPERATIONS

% FUEL PER ANNUM FUEL KILO-TONNES COST £M PER ANNUM AT
PER ANNUM CURRENT PRICES

REGION

PP Fg Fp FS FP FS UK SHARE

UK/EUROPE 21.2 6.7 as 200 140 43 9

NORTH 4.7 LI so 225 110 49 14
ATLANTIC

WEIGHTED 0.7 3.2 1140 42B 20 9 23
TOTAL

FP - FUEL PENALTY

FS - FUEL SAVING Data provided by CAA/DORA - July 1962

It
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THE NIRUNE FACING THE PRESENT CRISIS

by
J.H.Waenmakers

Head, Aircraft Performance Dept.
KLM Royal Dutch Airlines

Amsterdamsewes 55
1182 GP Amstelveen

The Netherlands

INTRODUCTION

The impact of the drastic fuel price increase on airline operations is briefly discussed.
Same measures that are being taken to contain the economic effect are reviewed. In particular
ATC criteria and military constraints are highlighted, which are known to have a direct influence
on fuel burn. This is illustrated with examples and furthermore a specific comment is made in re-
lation to the Portuguese ATC environment.

DISCUSSION

Although speaking for airlines in general, some of the detailed data and examples are related
to KL that information was readily available.. In any event that KI) information my be
regarded generally representative for a typical airline.

OPU01 I UT11G 11VUSUYiatter Interest)
IATA Interiatlonal Scheduled Services
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I0- 97 17 9 1900 fel'f2l
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---- I__-2M0 to-

FIOLME 1
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- -/

Isew7O 1974"s5 17149

Figure I illustrates the alarming financial situation, where the airline Industry is presently
faced with. This can - obviously - not be fully attributed to the high kerosine prices (Fig. 2),
but Is largely due to the worldwide economic recession, in which the high oil price- are undeubtedly
a facter.

I
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3~AEU.NUWL nrsuinCMAR@U4M1 DV LPU T 1974lWO)
IATA International Scheduled ServicesND UMD aORGS (OFL HILLIMS)
Reference: 1974=100 E-ot~vgto

ape-atine a-vnu 1279 No2--

FuVel 132 (10.3%) 1141 (30%) 4WC

User charges 91 243 30- - - Total User Chages
Landi~ete 2 154Total Operating Cost

Landing _______________ 1974 757677730 70 8
En rout. 9 59 ______________

FIGURE 3FIGURE 4

Figure 3 shows two main elements of KLM operating costs that have gone up rapidly since 1972,
the year before the first oil crisis, viz, fuel and uYer charges. It appears that the KLM enroute
charges have increased by a factor 10, whereas the number of miles flown has actually decreased by
7 %. This rapid increase of the enroute charges is also depicted in Fig. 4, which shows a 6 fold
increase for IATA airlines over a period of 6 years. Further details as regards charges will not
be discussed, except that it should be noted that airlines are more subjected to a multitude of*
charges for services and facilities and without always having the possibility to discuss the need
for the facilities or the opportunity to negotiate the level of the charges.

Fuel consumption is set by a number of factors:

(1) A large and direct factor is - obviously - the planned airline operation. In the past fuel costf
was relatively insignificant and operations were primarily determined by commercial considerations
and other cost factors. This picture has changed completely now that fuel is a large variable cost
element and - as a result - change of schedules and consolidation or cancellation of flights in cas
of low load factors is becoming comaon practice.

(2) Fuel efficiency of the fleet. Figure 5 shows NWVINT E
that by replacing fuel inefficient aircraft by
modern am*r efficient equipment, 44 %Improvement W' MR RIfT
In fuel efficiency has been achieved in the past
decade by MM. It is notable that notwithstanding
a large increase In production the total fuel 1972M rIM2
onsumption has hardly Increased. This trend will

continue throughout the next decade with the im- Fe ed(ieo ilte 25 17
plementatian of modemn aerodyncmic developments:
(superaritical. wing, high aspect ratio, modest
sweep beck) and new technology engines. Boeing Aveil1bl. ton kimetee (eiLLIen) me 4111
has estimated - for example - that such advances
could aks the 747 approx. 15 % more fuel efficient. Liters feel Vw Pm ev.Ula" Il 0.48 OM3

FMK 5

(3) In recent yenws airlines have paid much attention to Improve the fuel efficiency of their cur-
rent fleet and to adjust their operational practices. This Includes better maintenance to reduce
drog end improve engine ef ficiency. Also modifications an~ made to airfres and engines with the
sae objective. om examles awe given In Figures 6 end 7.
Altlhough such activities ate usually quite expensive, they amn be cost-effective because of the
high fuel price.
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Flap seal addition 0.1 %

AU air scoop removal 0.12 %

FIGURE 7

(4) For proper understanding of the operational aspects, it should be realized that the fuel burn
to fly a given aircraft from A to B is directly influenced by the following factors:

(a) Weiftwhich includes empty weight, equipment, crew, pantry, payload and fuel incl. fuel
reserves. Airlines are paying these days a great deal of attention to aircraft and equipment weight
saving and numerous changes for weight saving have been implemented in the past years.
As an example, KLM recently replaced the seatbelts on all its aircraft with belts with light-weight
buckles. The costs were recovered in 1.3 years.
Fuel reserve is a significant factor, especially on long distance flights: for each 1000 kg fuel
carried unnecessarily on a AS-JFK flight approx. 300 kg is burnt. Operation with tight reserves
requires accurate planning and execution of the flight and full understanding and cooperation from
the part of ATC controllers.

(b) Airdistance flown has obviously a direct impact on fuel burnt. Aircraft have- in principle -
and especially those equipped with modern navigation systems, the capability to fly direct from A
to B. Unfortunately, this.cannot be realized in day to day operation because of military constraints
and since the route structure and ATS procedures have evolved without sufficient attention to air-
line costs. These constraints are particularly restrictive in Europe with a great number of states,
each having the prerogative to make its own decisions. It is true that ATC does not always have
adequate tools to enable them to ensure standard separation on more direct routes or for ad hoc
direct clearances but this applies only to some parts of Europe.

A recent Eurocontrol study on city pair distances in 11 European States has revealed an average of
approx. 7 % extra miles flown when compared with the great circle distance between defined exit
and entry points for those cities. A similar exercise in the USA revealed 3 % exceedonce.
Holding also adds to airdistance and is - as such - a most inefficient way to operate an aircraft.
Although halding or path stretching can never be avoided completely, recent US and Eurocontrol
studies indicate the feasibility to reduce this inefficiency to a large extent.
In addition to the published route, there may be possibilities to fly more direct tracks where
traffic conditions permit. Such clearances are coom n practice in the USA and are occasionally
issued in Europe.

In Europe there is certainly potential for more wide spread use of ad hoc direct clearances and
this subject will be actively pursued (by ZATA) in the Committee for European Airspace Coordination
(CEAC).

(c) Finally *Deed and titude at which an aircraft is cruising do have a large effect an the fuel
burn per mile. This is illustrated in a somewhat complicated graph (Fig. 8) which shows that at
each weight there is one unique fuel optimum speed and altitude. The optimm altitude increases at
a rate of 800 - 1000 ft per hour as the fuel is burnt off and the aircraft weight decreases accor-
dingly. Small speed and altitude deviations from optimum have a relatively minor effect but Fig. 8
shows that the penalties increase rapidly as the deviations increase and that there are sa other
considerations and constraints which may affect optimum operation.
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Furthermore several other flight operational factors affecting the fuel consumption have been
optimized in recent years, such as takeoff, descent and landing procedures and lotely performance
computers and flight management systems are installed in aircraft to assist the pilot to operate
in a more optimal way,
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The following comments relate to civil ATS aspects in Europe:

- It is well-known that for efficient ATC full radar coverage is an indispensible element.
Fig. 9, presenting information supplied to ICAO by States in 1981, shows that this is not realised
in certain parts of Europe. Lack of the availability of radar, or lock of exploitation of existing
radar leads to delays and to assignment of undesirable (non-optimum) flight levels and routings.

- The typical ATS structure in Europe requires full attention to ATS automation and - in
particular - to better coordination/communication between adjacent ATS units.

- Noise sensitive areas and associated departure and arrival routings cause significant addi-
tional costs to airlines. In view of energy conservation and the introduction of "low noise" air-
craft, reconsideration of noise constraints at certain locations would seem desirable.

Because, this audience is NATO related, citing of examples of fuel penalties caused by
military restrictions is appropriate.

- The reservation of airspace during weekdays or permanently for military purposes. While it
is appreciated that efforts have been made to permit civil aircraft to cross reserved airspace, it
is felt that much more could be done when there is no military necessity to use them. However, good
military/civil coordination is essential; the unit which controls the military area should take the
initiative, and inform the civil ATS authorities of the temporary opening of the area, so that it
can be utilized for ad-hoc direct clearances. When the temporary opening of the restricted area is
known well in advance the ATS Reporting Offices could be advised, in order to give the operators
the opportunity to plan the flight accordingly, which means less fuel to carry. Fig. 10 shows a
typical direct "weekend" route and it would appear that this same route - with some goodwill -

could be made available in weekdays during certain periods of the day.

- It is felt that there is a case for a joint civil/military review of restricted airspace:
restricted areas and the associated airway structures have been in existance for many years and a
restatement of civil and military needs and preferences could well lead to solutions beneficial to
both parties. This does not necessarily mean loss restricted airspace.

... ..
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-In certain cases reservation of airspace applies to particular flight levels. This could
probably also be done in a less restrictive way by opening blacked flight levels during period&

of time that there is no real military need. Blocking of law levels may require rerouting as shown
in Fig. 11 and induce significant additional route distance whereas blocking of high leviAs may
also cause greatly increased fuel burn as explained in Fig. 8.
Figures 12 and 13 show typical situations of this nature in Germany and Spain.

LINZ
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- The use of AWACS is in the Middle East restrictive for civil traffic, as the operation is
blocking a number of flight levels on very busy trunk-routes. Airlines are concerned about the
forthcoming AWACS introduction in Europe. However, with very efficient civil/military coordination,
the use of AWACS can be made as little restrictive as any other aircraft crossing the airways.

- Large scale military exercises. These exercises should in principle be held outside the
areas where major trunk-routes run. Furthermore, with good civil/military coordination, complete
blocking of airspace can be avoided. Airlines have - for instance - suffered significant penalties
during the US Navy exercises in the South China Sea and in the Caribbean. I mst add that our ex-

J, perience in this respect in Western Europe is in general satisfactory.

The following could contribute to save costs:
- Thanks to the navigation accuracy the buffer-areas for many modern aircraft with the advanced

navigation systems could be reduced. This could mean mileage saving as well as ATC capacity enlarge-
ment. This development - obviously - requires further study.

- Until full civil radar coverage is achieved, the use of selected military radar data in the
civil ATS units would provide a better picture of the traffic situation and therefore give clearances
which are mare optimal for many flights.

- Setting up of a coordination unit when several units of different Military Forces are using
the same restricted area. Such a unit must then coordinate with the civil ATS unit about temporary
use of airspace.

One final remark related to the Portuguese ATS situation. Many long distnce flights from
Europe to South America and the Caribbean cross Portuguese airspace. Although modern flightplanning
computers have the capability - when loaded with the appropriate weather data - to work out the
optimum/minimum fuel routing on a flight to flight basis, only a number of fixed routings is per-
mitted to be flown on certain hours of the day. (see Fig. 14). It is submitted that significant
fuel savings are feasible by operating optimum routes and this applies in particular to these long
distance flights. The present situation may be attributed largely to inadequate equipment to cope
with the traffic demand in the New York Oceanic Control Area.

JI
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CONCLUDING REMARKS

In this presentation the grave overall financial situation of the airlines has been highlighted
as well as cost elements that have increased very rapidly in the last decade, such as fuel and route
charges. Several of the airline activities to reduce fuel consumption have been discussed in some
detail and special attention is drawn to operational constraints causing fuel penalties that are
outside the area where airlines have direct control, viz. ATC and military constraints.

Although it is fully understood how the present constraints have evolved in the course of the
years, it is emphasized that for successful fuel saving it is of utmost importance that all poten-
tial ways and means to save fuel are exploited to their fullest extent. Hence, the airline's humble
request to ATC and to military authorities is to sit together to review existing constraints and
aim at solutions which could - at the end - well prove beneficial to all concerned.
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LES BESOINS MILITAIRES

par

Colonel J. De Doncker, BAF
Executive Officer to Deputy
Chief of Staff, Operations

HQ AAFCE, NATO
D-6792 Raznstein Air Force Base

Germany

En raison de Ia nature des contraintes qul frappent l'usager
militaire, m~rite d'Stre pos~e la question do savoir dane quelle
mesure 1e contr~l. du trafic pout contribuer A rilsoudre lea pro-
blfmes actuela qui ddbordent largoinent la question des prix des
carburants.

Au cours de la premiere partie de l'exposd, une eaquisse du
chominemient aboutissant A l'approbation du budget de Ia ODfense
dana lea pays aiembrefde l'Alliance Atlantique illustre combien il
eat difficile dane lea ddmocratieu occidentales, dobtenir en
cette pdriode de cris, lea crddits ndceasaires A l'exlcution des
prograimmes do difense collective 6labords par 11OTAN en consulta-
tion avec lea pays membres de l'Alliance et approuvds par lex
autoritds gouvernementales.

La seconds partie 6voque lea rdsultats concrete obtenus cen
dernibrs annies grace A la coordination entre lea partenairos
civilsaot militaires responsableo dc la goation de leaspa ce at
laisse entrevoir des modes dlactiona ausceptibles de contribuer A
une format d'6conomie des prdcieux carburanta. Cea gains paraiaaont
d~risoirea lorsque ae pose done toute aon acuit6 Ia question des
moyena ndceasaires pour la rdalisation d'une politique ddUibGrE-
ment consentie.

Jo souhaitorais prdciaer, en columengant cet Oxpos6, quo jo pronda la parole non pan
en qualit:6 do reprdaentant dun QG interallif mais on raison do llexpdrience acquise en
mature do contr~l. du trafic adrien.

Loraque J'ai dt:6 approch6 pour couvrir 1e point de Vordre du jour relatif aux
bosomns do Vusager militairo face aux contraintes 6conomique., J'ai h~alt6 ian instant
avant d'accepter cette invitation. Pourquoi? Tout simplement porce quo lea contraintos
6conomiques auxquelloa llusager militaire oat appel.6 A faire face aujourd'hui sont dordre
multiple :d'abord laugmentation des prix des carburants, ensuito lea fluctuations des
cours des monnaiea nationalos, oaf in la r~cession 41conoatique ot 1 incidence do cotto
dernillr oaur le budget do la d6fense et Ia rdalisation des programmes do ddforise. 11. ae
paraissait dl. lors 6vident quo la contribution quo pouvait apporter le contr~lo dua
trafic adrian A la solution dos problilmes actuola do l'uaager militaire no pouvait 6tre
que marginale.

Mon exposi comprend deux parties. Au cours do la promigro, jo me propose dilluatrer
combien il eat difficile dans los dimocraties occidontalos, d'obtenir en cotto pdriode do
cris, lea moyes financiers ndcessaires pour romplir lea missions do ddfense.
Au cov~rs do la seconds, Jo me propose do souligner comment 1. contr~lo du trafic adrien
pout contributor A rentabiliser au mioux Ia portie du budget rdaorv~e aux prostations de vol.

L'41tabliasoment du budget national ost une prerogative gouvornomentalo qui doit on
principe, roncontrer entro autros chosos, lea obligations risultant d'accords internatio-
naux. 11. aagit, et clest important do I. soulignor, dun exercico annual. Le budget do Ia
ddfense, l'uno des facettes do co budget national, eat soumtis A ces raglos fondamntals
at tiont compto dos obligations rdaultant dua TraitS6 do VAtlantiquo Word.

Dana lea ddmocratiea occidontalos, 1e budget do la ddfonae rest* malgrg tout, l'un
des budgets los plus loys. 11 eat cortainoment lun des plus contestla. Zn vuo de son
approbation, nombre do justifications dltaill&oa doivont 6tro pr&*ontlexsai bion quo colui
qui dispose du temps ndcesaaire pout an rotirer uno fouls, do rensoignesments significatifa
au sujet do Vaptitude au combat do nos forces arados.

Js no puis a'owpdcher do souligner 1n paradoxe qui oxists entro, d'une part, lee
infio pricautions qui sont prison pour dlnior A ian onnomi potential tout* posibilitd
do so srocuror des ronseigmmnts rolatif a A ns armemnta, ns stocks de guerro, nos
offeotifsaet d'autre port, Ia facilitl dlacads pour ian ahacun A I& multitude de ddtalae
pricis fidblement consignAls done lea documents parl eme ntairo concornant. I. budget do Ia
Waes.
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Troia phases prdsident A li6tablissement do ce dernier
- La pr~paration du projet do budget par l.. chefs d'Ctat-major responsables

do la mise en condition do lour force;
-Llacceptation du projet do budget par le ministre do la difense
- L'approbation du projot do budget par 1e gouvernement.

La priperation du budget eat une op~ration difficile parce qu'elle dolt Stre
entreprise A un moment aDl Los instructions relatives A la pr~sentation du projot do
budget no mont pan encore disponibles. La pr~paration du budget oat Egalement une
op~ration complae n~cessitant uno parfaite coordination au niveau do la gostion des
diff~rentes forces. Les El6ments mejeurm mont puis~s dans los plans do d~fense collec-
tive pr~par~s par les organes militaires internationawc ot apprauv~s par lea autorit~s
gouvernementalem des pays membres do lAalliance. Le principe qul privaut A l*6tablissement
do coo plans OTAZ4 eat quo la d~fense doit a'6tablir sur une base Economique et social.
solid. ot quil no feut demander A aucun Etat do supporter des charges do d~fense qui
dapasseraient sea possibilit~m.

La proc~dure do. examens des plans do d~fense OTA4 comport. Les stades suivanits
1. - L'Etablismoment des hypotheses g~n~rales our lesquellem seront fond~es ces

examens. Coin hypothbses mont formul~es cheque ann~e par l'OTAN sur base d'une
Evaluation des risque. do guerre d'une part ot deautre part sur la situation
Economique et politique des pays membros do l'Allianco.

2. - La souimission aux gouvernements des pays membres d'un questionnaire dftaill6
portant sur leurs prograzmmes militaires, lours budgets, leurs plans do
production St leur situation Economique g~n~ral.

3. - La communication par les commandoments suprimes do directives relatives A
l'amdlioration des forces oxistantos et lea reco mme ndations du comitE miii-
taire aprbs Evaluation do coin directives nilitaires.

4. - L'anaiyso des rdponses nationales &f in d'ftablir une comparaison ontre les
bosomns do 1 OTAN ot lea progralmme nationaux do d~fense et do souligner les
probl~ms inportantm qui s posent A chaquo pays.

S. - La formulation de recotunandetions par les autoritis nilitairem do VOTAN at
le Secrtariat international sur leo ajustoments indispensabbos pour an~nager
lee plans nationaux en fonction do Vanalyso qui vient dltre Evoque et
pour tendre vera uno repartition Equitable du fardeau dconomique et financier
do la d~fense collective.

6. - La discussion multilat~rale do blef fort do d~fense decheque pays on vue d'ob-
tonir un accord dlensembbe r~pondant aux objectif s do lalliance et aux
possibilit~s do chacun des pays nembres.

7. - La commuunication aux gouvernements du rapport fixent lea objectifs do forces
pour cheque pays ot Enongent lea probllmes essentiels qui so posent A i'alliance

8.-pour lee cinq ann~e. A vonir.
8.-La discussion ot lapprobation au niveau du conseib do l'Atlantique Nord r~uni

on session ministirielle do ce plan quinquennal, lea pays no pronant toutefois
un engagement ferms quo pour la premiere ann~e d'application.

1 ~ ~ Dens is cadre pluriannuel do co plan quinquennal, les chefs d'3 tat-4(ajor peuvent
&laborer beuns programmes annuals do mise en condition do leur force. Coo programmes mont
Etabbis pour atteindre lea objoctif a globaux fix~s par be ministre do la d~fense en fonction
des missions ot des moysno finaficiers at humains prdvisible. pour remplir ces missions.
Sch~matiquement coo progra mesa pauvont Etre subdivis~s en d~ponoes ordinairos ot en pro-
grames d 'Equipement et d' infrastructure a 'Echelonnant sur une periode do cinq ens et
parfois davantago. Cleat A ce moment qulapparaissent lea premillros difficult~s du fait quo,
traduits en chiffrosprogramms et previsions se soldent par une estimation global. consi-
d~r~e come trop GlovE.. Cleat aussi A ce moment quo comumence un premier travail do
recherche d' Economie. Troia formule* sont traditionnellement applique. separemnt ouI conjointement:

-La suppression de credits pour des programmes dont Ia r~alisation est postposio.
-La compression do certain. cr~dits epris tan calcul "au plus juste" des bosomns.
- W6talement des cridits pour dos programmes A r~aliser au cours do p~riodes plusI longues qu'inltialement planifi~E..

Au term* do cet oxorcice, des estimations des coOts do n~alisation des programmes
mont prisenties au Ministre do la, De6fense. Do deux chase@ l'une i ota coon estimations mont

k accept~es et A ce stade, llaf faire eat entendue ou coo estimations mont rejet&es parc. quo
consid~rios tan. nouvelle fols comae trap Clove A la lumiiro do Ia situation politique ,
6concuique et socials du moment. St do nouvelles Economieos doivent alors Etre recherch~es!
En fin do compte, on arrive quand mIm A des estimations acceptables. La partie nest pas
gagneo pour autant. A as moment en effet, sant d~pos6s I** projets do budget pour toum lea
d~partements at a. strait miracle, on cetto p~riodo difficile, quo l'envelappo escompt~e
pour l'ann~e budg~taireoen pr~paration no soit pas crov&e. A co atado, il nWest pas exclu
qutan nouvel effort dlconowie moit exIgi do Ia part du dipartoment do Ia dote. Ain*i.
apris tan long et p~nible chominoment I* budget do I Wafns sera £ inalement approuvi.
Cola nlimplique pas pour autant quo 1 'ex~cution do ce budget vasom dirouler sans anicrocho.
Quo du contraire, au court do cetto phase vont so faire jour dos problim.. pratiques quo
je vals tenter do synthtisor.

Um0 partie du budget approuvG ye servir A financer 1 'achat d' equip me nts nouf.
falwant 1 'objot dlun aentrat qul pr~voit *ntre autre dons qulle Monnale los facturos
dolvent Otro aoquittios. Un queoonque &cart dons los taux do changeoentro la mammal.
nt inlsa cI& oiaion conreueo In taemtpseaarI da dos rbfe dns 10 are d

vnt ion a otligatns contu pour 1 paontpos deis, prol fms. Evdens qu cadendu-

-A~
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budget approuv4, trouver lea rossources suppllmentairos pour faire face A cen obligations.
Cola no pourra Stre rdalis6 qu'au ddtriment d'autres articles du budget en sachant fort
bien que curtains V'entre eux comme par example lea dipenmes relative* au personnel sont
incorpressibles. Il tombs sous le sens qu'en cette 6poque oil la majorita des pays membres
de l'alliance ant des programmes majeurs on cours, les problfmes financiers A resoudre
sont nombreux.

Arritons-nous un instant A l'article du budget relatif aux carburants avion. Pour
l'annde budg~taire en cours, 1e chef d'Etat-Major a 6tabli 1e plan de vol pour sa force en
tenant compte des directives du SHAPE en la matilre. Ce plan de vol pout Atre converti
en litres de carburants. H6las, ce no sont pas ces volumes de carburants qui sont approuvds
c'est l'estirnation de leurs coilts. Comme la tendance actuelle Wlest pas A la baisse dane le
secteur p6trolier, il est probable qu'avec: lea cr~dits approuvds momns GO carburant pourra
Otre achetd. Commun par ailleurs d'autres articles du budget ant d~ja dd 6tre rabotia, i1 en
rdsulte que le plan de vol risque d'6tre compromis. Il va de soi que tout sera mis en
oeuvre pour 6viter semblable issue mais la menace eat r~elle.

Ce mont ces r6alitds qui me faisaient dire en d6but d'oxpos6 quo jo craignais quo,
dana les circonstances primentes, le contr~le du trafic a6rien ne pouvait apporter qu'une
contribution marginale A la solution des problOmes avec lesquels l'usager militaire me
ddbat pour l'instant.

Dana ce qui pricide, je n'ai pas voulu ddcrire I& procddure d'dtablissenont propre
A un pays en particulier. J'ai essay6 de d~gager lea lignes diroctricem communes A l'ensem-
ble des pays meabres do l'alliance. Je croim que lea contraintes et les difficult6s souli-
gndem sent d'un autre ordre quo cellos quo sont appoldem A affrontor aujourd'hui ot
l'aviation general. et l'aviation do transport public. Pour l'aviation civile qui reste
une entroprise commercials, la rigle d'or de l'offre et do la demands reste d'application
si bien quo l'augmontation des cofits d'oxploitation des entreprisos pout, A tout le momns
en partie, 6tre rercutee our le client. Jo veux bien conc~der quo cot argument nWest pas
tout A fait do mne pour lea compagnies nationales do transport qui, pour des raisons do
prestige, voiont lour liborti d'action s~rieuament limitde. En contre-partie toutefois,
jo sais, nous savons tous, qu'on cas do pasmif en fin d'ann~e, corn dernifrom mont assist6es
par dos crdditm spciaux allou~s par lour gouvornement.

Voyons A pr~sent comment lea services do contr8le du trafic peuvent contribuer A
rontabiliser au mioux la partie du budget consacrf. A l'acquisition des indispansables
carburants.

Emaginon. uno base a6rienne implantGe d' une manilre tells quo toutes les activit~s
requises pour lontralnment et Ie maintion en condition opdrationnelle des 6quipages
puissant 6tro ex~cut~es sans aucune forms do restriction. Par activitls requises, J'entends
la conversion mint unnmuvel avion do combat, llentratnument au vol A bass altitude,
l'entrainmsent, au tir air-aol, l'ontraimoment au tir air-air. 1l neat pas diraisonnablo do
pr~senter un Gvontail aussi large pour lea bosoins d'entrainuuunt din fait quo I. principe
oat acquis A present qu'un m~ms pilots peut Otre appel6 en fonction des bosomns, A executor
soit des missions do d~fense a~rienne, soit des missions do chasseur-bombardier. 11 eat
Ovident quo dons cotte hypoths touto academique oil mont 6cart~s dlembl~o tous lea pro-t
blkmes doespacos associem aux activit~s dentranement 6voquees lea services do contr8le
du trafic auront inn r8lo limitO A garantir la sdcuritl aerionne durant lea phases do
d~collago et d'attorrissage et A assurer la coordination des activit~a generees A partir
do cotte base. Lour r8leoast primordial mais inn minimum do temps, en d'autresmnots in
minimum do carburant y oat consacr6.

Do par 1e monde, ces conditions dop~ration id~ales sent rarenent rencontr~es.
Elbas no le sont cortainemont jamais dana la region Centre Europe oil do multiples contrain-
ton r~sultont dune part do lVobligatian do coordonnor l'omploi do lompaco aerion avuc
d'autres usagera, d'autre part du dogri dloccupation du aol par d'autros activit~a hunainos.
Il noempache quo, no ffit-co quo pour des raisons do sdcuritl a~rionno, la majoritO des
activitis a~riennom militaires Oct organiade dane des *spaces qini no mont pas assujottis
A dos riglem strictes do contr~l. du trafic a~rien. Dams la r~gion Centre Europe, on raison
doc densit~s do traf ic onrogiatr~es, dos ospaes do ce typo sant plus qua jamain n~cos-
sairos. Lour cr~ation at partant lea activitm militaires qui y cant asmoci~os no mont
renduos possible. quo grico A um. coordination souvont difficile, toujoura indispensable
en temps do paix , ontro pertonairos civile et militaires rosponsablos do la gostion do
llespace.

11 existet par aillours an certain nombro dlactivit~s militaires, tellom lea missions
do transport at lea vals do transit, qini b~n~ficient des services do contr~le et dminfor-
nation en vol toe quo defimim per llorganisation do l'Aviation Civilo Internationale(OACI).
Pour lour ban d~roul saient, coo vola n~comaitont oux aussi, un. forms do coordination ontro
pertonairom civils at militairom.

Amia done, l'oxp~rience prouve quo cotto coordination civile-uilitaire rovat AIsl
Lois un caractfro thlorique at n caract~re pratique.

11 y a bien lo ---~ ddjA quo secst &morc& co procosaus do coordination. 1l sosat
manifest& pouit be prouibre Lois lors do la cr~atian et do la mime en place du resau des
voles airinnem. A cetto Opaque, an "dbut dos anniom '50, lea forces aflennom maorion-
talent "JA vers I& so en oewvro d 'avians A raction, dent lea altitude@ do ronwmat
optionm a'Otondaient ontrot 25.0@Wrt at la tropopeume. Laviation cosrclale expbotait
dos appaeila dits Oomventionebs* dent Ie pbafond opratlonnel no ddpassait pas lea



5-4

20.OOOFt. Cot 6tat do fait avait uno cons~quence hourouse ;ii conduisait "do facto" a la
s~gr~gation des circulations civilos ot militairos et laissait intacte Ia libertd d'action
souhaitde par lea farces adrienne. A haute commue A basso altitude.

Au cours des annE.. '50, l'aviation civile aligns un rocibre sans cese croissant
do turbo-propulseurs dont le plafond opdrationnel gravite autour do 25.OOOFt. Laviation
gdndrale prend naissance main sea ambitions mont encore fort limitdos. Sur le plan do la
structure do lespace, is coordination civilo-militairo intorviont pour la cr~ation des
UTAS et los adaptations ndcossaires aux ospaces do proc~dures do ddcollago ot d'attorris-
sage. L'oxtension vorticalo du volume oxploitd par l'aviation civilo no porte guiro attointe
A is libortd d'action do l'aviation militairs qui voit son plafond opdrationnel sdleover
largemont au-dessus do is tropopaube.

Do is fin des annlos '50 A nos jours, l'aviation connait un cssor sans pr~c~dent.

Du c8t6i militaire, les moyens adriens dovionnent encore plus performants, main cette
pdriodo SO caractdrise murtout par 1e fait quo l'hdlicoptbre a conquis ma place comme outil
do combat.

L'sviation g~n~ral. connait un ddvoloppoment prodigioux et 11dventail do ses activi-
tds is fait oeuvror A tous los niveaux do l'espace adrien.

Laviation cozumerciale passe A une misc en oeuvre gdndralisde do lavion A r~action.
DeS performances accrues on matidre do vitosso et plafond opfrationnel ontrainent comme
consequence une intense circulation d'apparoils civils dans la tranche d'altitude utilisde
jusqualors par l'aviation militairo. Sur 1e plan do is structure do lespaco, oils
rondont ndcessairos 1'Etablissement du rdseau des routes prdddtermindes encore en usage
aujourd'hui.

La cons~quence de ce ddveloppomont parallele des aviations civiles et militairos est
une utilisation do l'ompace qui rend impossible A priori toute s~gr~gation des trafics.
Comment dans con conditions, garantir is 96curit6 adrienne do l'ensenble des usagers do
llespace ? Comment par aillours garantir is libert6 d'action pour les forces a~rionnes.?

Coin questions dtaient d"importanco". La coordination entre responsables do is gestion
do ]2ospaco aboutit au principe suivant loquel le contrdle civil conduit le long des
routes prdtormindes la circulation adrienne g~n~rale qui Evolue solon les rdgles do
l'OACI tandis quo le contr8le militaire traite is circulation opdrationnello do manibro
A Eviter cetto circulation adrionno gdndrale en touto circonstance. Co principe ontralne
pour los organismes do contrdle civils l'obligation do transmettre les informations ndcos-
sairem aux unitds do contrdle militairos concerndes. 11 en rdsulto, pour los partenaires
civil. ot militaires, l'obligation do disposer do moyens d'acquisition, do traitomont,
d'affichago et do transmission des informations dont los exigences do fiabilitd et do
rapidit6 no pouvent Atre satimfaitom quo grAce aux techniques les plum Elabordes. Le but
6tait en fait do doter los contrdlours civils et militaires de la mgmo image adrienne af in
de permettro lorsquo ndcessairo, uno coordination do contrdleur A contrdleur.

Ainsi, sous ls prossion do l'Evolution tochnologique des matdriols adronautiquos,
les responsables civils et militairos ont consenti aux investissements ndcossaires A la
mimseon place des moyons ripondant au souci consaun do sdcuritd adrienne et sauvegardant
l'indispensablo libert6 d'action pour la circulation opdrationnelle militaire.

Aujourd'hui quo les donsitdm do trafic observdes mont en dininution, l'usagor miii-
taire pour qui Ia mission n's pam change, empbre quo l'outil do contr8le mis on place vs
lui permettre do tiror 1e meilleur parti du carburant dont il dispose.

Jo suis pour ma part convaincu quo, 11 encore, une coordination civile-milit&.re
bion pensde, bien organisde pout contribuer A sauver do cofiteumes minutes do vol.

Au ddcollage par example, lea avions do ia nouvelle generation sont A ce point
porformants que 1e plafond opdrationnol pout Gtro atteint dams lea limits. do is %one do
contr8le do ladrodrome do depart. Dams le cam oO voiem adrionnem ot routes prdtormindos
murploimbent ia base do d~part, une coordination appropride entre los services de contralo
civil. et militairm concornim devrait permottre le ddcollage ot Is moat"m on pomtcombus-
tion au traverm do coon structures civil.. dan. loa milleurs conditions do sdcuritd.
Do is sorte, pourralt atre GpargnS le temps ndcessaire, 1e carburant ndcemaire pour gagnor
em vol horizontal A vitoawe r&4uite 10 point do depart pour ia montde opdrationnelle. Le
gain ainsi r~alisE nest pas telement. important maim accumuld pour chaque mission, ii.
deviant significatif.

Au retour do mission, des Economies prnzvont Egalemont 6tre oscomptdos. La pr~cision
des instruments do navigation do bard ot Is qualitd do 1'outil do contrdle permettent
4'exploiter au mioux lea caractdristiquoss do vol des avions do combat au courm dos procd-
duces do percdo at d'attorrimeago. UsE parfait. coordination entro tous los services do
contr~l. conoernis qui disposent do I& mime image adrienne dovrait permttre d'Eviter touto
manoeuvre inutile. 11 est opportun do rappeler das co contexts quo lea quatro minutes
ndcessairew pour oefectuer us virago do proc~dure do 3600 reprdsente SO do lendurance d'un
interceptour do IS dernure g~ndration.

La phase men route" do certaIns vols allitaires mftito Egalomeat quelquo attention.
Nombre d aetivitds s' amorcent par mie phase do miss on pisee dos anyon. Jo pomee A oertains
eeroices; Intetailids, sox entmalmommete an tir, aux Edhanges d'esoadriills.Cette mine on
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place n6cessite ce quo J'appollerais des vol. de transit qui, corne des avions de transport,
empruntont sur une partie do lour trajet 1. riueau des routes airiennes contr~lies par les
services civil.. Au cours de corn vol. qul en fait napportent rion A llentratnemont opra-
tionnol des 6quipages, la meilleure coordination civile-militaire pout contribuor A dos
Gconomios en allouant pour ces mission* lea niveawc do vol los mieux appropries et en
6vitant surtout des procidures d'attento lors des transferts do contr~le. Corn actions
vous pouvez Woen croiro seraient rentable.'.

A pricent quo touto uno sGene d'activit6s civiles ou militaires saint organisios dans
des espacec dont la reservation temporaire est annonci. par NOTA4, il nWest pas inutile
d'insister our la nicessit6 do signaler aux services do contr~l. responsables l'instant od
cotta rdservation Wea plus do raison d'itre. Cotte action relive du bon sons. Et pourtant
quo do fois obsorve-t-on des trajectoires 6vitant des zones riservies devenuos inutile$.
tine attitude moins nigligente profiterait aux autrec usagers.

VoilA quelques modes d'action qui solon mon expirience, pouvent contribuer A des
Gconomies do carburant. Ila sont off icaces maim il faut so gardor d'en amplifier leg risul-
tats.

En raison do la situation inextricable quo l'usager militaire vit aujourd'hui, uls

peuvent contribuer A ce qui oct vital .panlsettre aux: forces a4friennes do maintenir la
condition oprationnelle pour remplir la mission en aspirant quo domain les gouvornemonts
soient dans la possibilit6 d'allouer lea moyas approprids A la politique do difenso
collective 6tablie do concert et approuvie do conunun accord.

1. STEPS FOR THE ESTABLISIIENT AND APPROVAL OF THE DEFENSE BUDGET -REDUCTIONS AND CUTS

2. ATC'S CONTRIBUTION TO TIE CFTINIZATION OF THE BUDGETARY ALLOCATION TO FLYING HOURS

NATIONAL BUDGET
- 6O1VEIUUENT'S PREROATIVE
- ANNAUML EXERCISE

GAQMMTT
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AIR TRAFFIC SERVICES IN PORTUGAL

J. Freitas Carvalho - DGNAV/ATS/ANA E.P.
Rua D - Edificio 120/Aeroporto de Lisboa

1700 LISBOA - PORTUGAL

SUMMARY

This paper presents the Portuguese area of responsability for the provision of Air Traffic
Services; the organization of services and authorities are described. An overview is
given of development projects, for the Lisboa and Santa Maria FIR's, their objectives,
basic concepts,and implementation dates.

1. AREAS OF RESPONSABILITY

The Portuguese area of responsability for the provision of Air Traffic Services is,
in extension, the largest of any Western-European Country; in east-western direction,
it goes from the Spanish border to 409 West, extending from 459 North to 179 North in
its southernmost point.

To give an impression of this airspace dimensions, it is equivalent to the area between
Lisboa and Viena in one direction, and between Casablanca and Stocholm, in the other
(traffic densities beeing not comparable, of course). The areas of portuguese respons-
ability are shown of fig. 1

'CI
~~AN JUAN

~L

FIG. 1

2. RESPONSABLE AUTHORITIES

Up to 1978, the air traffic services were, as in most of Europe, provided by the
Public Administration, through the General Directorate for Civil Aviation - DGAC.
At that time, it was found thdt theexisting organization was not able to cope with
the urgent need for replacement of systems and concepts,soun executive body - Aero
portos e Navegaqio Airea, ANA EP., was set up, with the old DGAC, retaining the
regulatory and licensing functions.

Although ANA is now the main authority for the provision of ATS, the law foresees
the possibility of other entities providing theme services, if so licensed by DGAC.

In fact Air Force is providing Air Traffic Services for commercial civil traffic in
one airfield which is simultaneously an Air Base and a civil airport, and the local
government in Madeira is showing interest in assuming that same responsability in
the airports of Madeira.

Air Force retains full responsability for ATM in air bases and associated airspace.

The present organization is outlined in fig. 2.
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3. FACILITIES; AN OVERVIEW OF ONGOING DEVELOPMENTS

When ANA was created all the existing facilities were either very old or approaching
the limit of their useful life, and a replacement program was urgently needed; two
projects were set up, one for the Lisbon FIR, and another for the Santa Maria FIR,
code-named NAV I and NAV II.

The developments of these projects was coincident with the begining of the finantial
crisis of airline industry, and, in Portugal, with the increase in military activity
following ti.e end of overseas operations.

To respond to this situation, study groups were set up with full participation of
all the interested parties, to look at the various components of the system:airspace
organization, ATS procedures, Navaids, Radar, ATC units, civil-military coordination,
cost-effectiveness.

The critical balance of any controlled-airspace, is traffic demand versus ATC capacity;
in a situation like ours,where traffic demand is seasonal and tidy, the increase of
ATC capacity must be carefully checked against cost, a trade-off beeing necessary
between costs and peak traffic delays.

It was our opinion that the best approach to the required "flexible" increase in ATC
capacity would be to very carefully analise the controller constraints under peak
traffic conditions, and to write down requirements that would relief him from these
constraints.

These operational requirements led to a decentralized computer configuration, with |
a mini-computer at each sector (WPP) for maximum flexibility, and to doubled main--chains with cross-conections for maximum reliability.

The data flow and processing chain of Lisbon Center is presented in fig. 3.

Seeing cost one of our main concerns, a decision was taken to integrate to the maxim=
extent possible civil and military facilities; this was fully achieved at the Comms,
Navaids and Center levels; in radar stations owing to the high level of required
reliability, the solution has been to colocate independent civil SSR with the military
stations, beeing the information exchanged to both users.
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Finally, in what concerns NA II, a decision is still to be taken in the required
level of automation; it has not been possible to find ways of agreement on common
operational specifications for the NAT Region, each state following its own ideas;
This is, in our view, a very unfortunate situation,which leads to increased costs
and lower level of services for the users, and a situation which should be easily
overcome owing to the small number of states involved.

As for the location of the center, ANA had foreseen to transfer it to Lisboa, thus
significantly reducing costs, as spare space is available either in the center or
in computing capacity; however, following political pressures, a new center will
probably be build in Santa Maria.

The NAV I, project, now under implementation, shall be fully operational in the
beginning of 1985, with NAV II following one year behind.

I'

N,-
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AIR TRAFFIC SERVICES IN PORTUGAL

CIVIL-MILITARY COORDINATION ASPECTS

By: Cap LUIS C. ROCHA

POAF

ALFRAGIDE

2700 AMADORA-PORTUGAL

1. This presentation deals with the provision in Portugal of Air Traffic Services to civil and military

aircraft and concurrent procedures. This assessment is based on a strictly military point of view having

in account either its requirements or national and international involvements.

All over the world the users of the airspace as well of the Air Traffic Control Systems are basicalli

the General Aviation, Air Carriers with their trunk, regional and short haul categories and the military

aviation.

The effect that military activity has on ATC Systems is extremely inconstant depending on either airs

pace structure or Air Traffic Services organization at each country.

Almost of us have the feeling that when a military operational flight takes place, the ATC Services

either civil or military must authorize its operation being impossible to refuse it. This feeling comes

mainly from two factors:

We have the civil aviation with its financial value but on the other hand the main Air Force task

that is its readiness for defence purposes.

For long time only military aircraft flew along upper airspace and slowly civilian aircraft began to

invade it.

This means that something had to be shared, either the airspace or the constraints.

However the air defence readiness concept is out of any airspace or air traffic control constraints.

As support of that readiness, our training must be as actual as possible; it means that sometimes we

have to schedule missions to the airspace which behaviour and profile cant't comply with provisions of ICAO

rules.

Next, we have air defence missions which must be fulfilled without any delay; it means that to do

this, only a policy of open airspace to the Air Force will comply with its basic requirements; to this ef-

fect only throughout an effective civil military coordination it will be feasible.

On the other hand, national civil authorities have their own air policy, concerning the development

of Civil Aviation in the airspace under its responsability, either over the territory or over that committed

by ICAO. So, we have that any airspace structure and ATC organization at any Country must prnvide full pro

tection for civil and military aircraft without to deviate them substancially from optimum or planned flight

profiles.

The ultimate objective is, therefore, the provision of adequate separation between all aircraft.

To this effect, in Portugal, as in other NATO Countries, we accept the global definition of two types

of Air Traffic:

GAT - General Air Traffic

Flights conducted in accordance with the rules and provision of ICAO.

OAT - Oerational Air Traffic

Flights which do not comply with the provisions stated for CAT and for which rules and procedu

roe have been specified by appropriate authorities.

2. AIR FORCE POLICY

In Portugal the mission of the Air Force is to be prepared to intervence, at any time, in the natio-

nal territory integrity defence, maintaining and improving its dipositive of security and in exercises,

alert phases or belligerency status which my occur from international situation as well on other emergency

situations where its action becomes necessary to safeguard people and lands.

The mission of the Air Force is established having in consideration its own responsability, the other

armed forces shared reaponeability and the supletive responsability related to different State Departments.

In respect to the first and primary responsbility we have to consider combat and attack operations

against enemy, air power superiority and the establishment of concerned and available air doctrine.

- - - -,.....--- --- l=. - -". idi'l Imm u l m m -
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Next, we have the shared responsability, where our main task is to participate in jointed and/or

combined operations in favour of national territory defence.

The supletiva responsability regards the participation of Air Force supporting reinforcement opera

tions in benefit of authority of State end civilian protection.

To fulfill with its primary mission, the Air Force:

- Will defend national territory against attacks come from airspace vectors maintaining air supe-

riority.

- Will contribute with forces and support means in benefit of NATO Countries Defence'requirements

- etc

It is therefore and so, that will be in the AIR FORCE mission inserted in a National Defense context

that the main part of the air national policy will be settled regarding the establishment and activa-

tion of any Air Traffic Control System and associated rules and procedures.

Such a policy doesn't comply with any restrictions to Air Force manoeuvering freedom and requires

high security level in all flights either on training missions or on combat manoeuvering missions.

So it is deemed useful to establish such an organization which, in peacetime mainly, be able to grant

an allotment of facilities in order to:

a. All military flights be conducted in security under any weather conditions and without restrictions

to any tactical requirement.

b. Be guaranteed full Air Traffic Services to everyone.

c. Be alerted in due time the Rescue and Coordination Centers.

d. Be fully acquired, processed and disseminated the Air Movement Information in benefit of Air Com-

mand and Control System.

3. Civil Aviation Policy

Great part of Air Traffic Services policy in Civil Aviation tends to consider the Airspace as fully

open to the Civil Aviation transit either Air Carriers or General Aviation.

4. Discussion

The AIR FORCE accepts the concept that in peacetime the civilian air traffic, mainly the air carders,

having in mind the economic vector, may deserve a prerogative. It means that the Air Force requires high
operational freedom but is conscious of Civil Aviation technical requirements in airspace and the high effect
in national economy. However, as well known, all we have in peacetime to prepare at all levels our own de-

vices to face the times of crisis, tension and war.

The solution of the problem of compatibility between the two types of air traffic passes by the

guarantee of their independence, flexibility and security.

To the provision of Air Traffic Services in a given airspace we can find out few solutions and not

almways is easy to adopt the best one.

At NATO Countries civil and military ATS very frdm two independent organizations with various de-

gross of coordination to a complete integration.

5. ATS Civil-Military Coordination Bodies in PORTUGAL

There is a NATO document from Committee of European Airspace Coordination which recommends that mai

bar States be invited to continue to examine the problems of civil/military coordination with a view to

establish closer coordination between nivil and military authorities leading to one ATS system responsive

to both. civil and military requirements. Since 1957, through agreements we have a valid cooperation with

civil authorities, mainly at Lisbon ACC level where we installed a coordination body. In order to increase

the coordination aspects the Minister of Transports and the Chief of Air Staff agreed to develop efforts

and so a Protocol of Agreement was signed in 1976.

This agreement deals with:

a. Definition and Management of the Airspace.

b. Air Transport

c. Optimization of Air Navigation and Infrastructures
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d. Civil protection including the safeguarding against acts of unlawfull interference in Civil Avia-

tion.

e. Utilization of human resources and technical means.

f. Support to basic activities in Aviation encouragement.

Following this Agreement and as first step there is in Portugal a Standing Committee, at inter-minis

terial level, whose purpose is to develop cooperative arrangements between AIR FORCE and Ministry of Communica

tions in those areas of common interest to Air Force and Civil Aviation activities (Fig. 1).

On second step the ONCEA, a working-level civil military standingbody which operates under the general

guidance outlined by the Standing Committee and conducts studies in the establishment, development and imple-

mentation of standards and procedures applicable in our Airspace (Fig.l).

Nowadays, on operational and technical organization matters the condination for OAT and GAT flights is

provided by a military post in Lisbon ACC (Fig. 2/3/4).

The ongoing ATS Systems renovation project, whose first phase is foreseen to be completed in January85

will grant a closer civil and military coordination.

In the new system the civil-military cooperation will be built up at Radar Stations, communications

and at Lisbon ACC levels. (Fig. 6).

In fact, the new radar coverage will obtained from three stations:

One at Lisbon for TWA Air Traffic control services and the other two stations be installed at Monte-

junto and at South of Portugal.

The enroute radar stations will have Secondary Radar (SSR) only, although the Montejunto station will

receive primary radar data from the military station.

At that time our system will be of the type of collocated operational and technical organization with

four military control positions and Supervisor side by side with civil positions (Fig. 6).

The establishment oh these positions corresponds to the model of cooperation choosen and it seems to

be the best to solve our problem. To support this system we have efficient Aeronautical Fixed Services

(Fig. 4/5).

The airspace will be only one to both types of air traffic and the management of means will belong to

civil or military controllers depending of GAT or OAT flights. To solve the joint civil military problems

we are evaluating the present airspace structure over Portugal mainland in order to find out a solution.

As you know we are about 55.000 square nautical miles of national territory with two FIR/UIR

under our responsability and we have a very limited set of alternatives.

So, our method has been established according to the following steps:

- Evaluation of present airspace structure

" of airspace structure alternatives

- Identification of national requirements either civil or military in a medium and long term basis.

- Scoring of use of airspace on a cost-efectiveness basis.1• The traffic segregation will be reduced to a minimum acceptable and none of civil or military peo-
ple envolved will loose his own identity being possible to grant the essential mobility to the fullfilment

of mission assigned to Civil and Military Aviation. Air Force is trying jointly with Civil Aviation to

identify and specify models and methods for optimize the air traffic coordination. This study is a part

of Project NAV I which began 4 years ago end is still going until 1985. Besides we have our Air Defence

program, known as SICCAP Project with interface with the civil Project.

6. SEARCH AND RESCUE SERVICES

To provide search and rescue services withinthe FIR/UIR's of our responsability we have two Rescue

Coordination Centers reesponsible for either promoting efficient organization of emarch and rescue services

or coordinating the conduct of search and rescue operations.

Both Centers are under responsability of AIR FORCE. One is located at Lajes Field in the Azores to

Santa Marie FIR/UIR, and the other is under installation at Monsanto to Lisbon FIR/UIR.

Meanwhile Lisbon ACC coordinates SAR services with Air Force Operational Command %hile military air

craft and other means conduct search and rescue operations.
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7. Civil-Military Aeronautical Information Services

The civil aeronautical information publications (AIP, NOTAN, etc) also include the data related to

military services and installations that can simultaneously be used by military and civil air trafiic.

We have separated services but a full change of information is established.

8. In Portugal, civil and military authorities , both are doing their best efforts in order to follow

a common policy concerning the provision of Air Traffic Services having in account either civil or military

requirements in extended national and international context.
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POTENTIAL DEVILOPMENTS AND APPLICATIONS

Introduction by S. Ricciardelli, Session Chairman
Istituto di Analisi dei Sistemi ed Informatica,

Consiglio Nazionale dells Ricerche
Via M. Duonarroti 12

00185 Rou

I am honoured to chair this session about potential developments and applications in air traffic
control.

I have personally experienced some theoretical and practical efforts in this area, leading a research
team involved in a 5-years program, sponsored by the Italian National Research Council.

What really impressed me, from the very beginning, was the managerial dimension of the overall ATC
problem, involving a broad scenario of different aspects and various actors with complex interrelations
among them.

It is coion knowledge that, from a global point of view, safety, efficiency and economy are the
objectives to achieve, with safety being of primary concern. Nevertheless, inassuch as these aspects are
so closely interrelated, devising a good solution, suitably covering all three meanwhile taking due prio-
rities into account, appears to be quite a serious task.

Furthermore, ATC is not a self-contained system in what it is subjected to external pressures, which
impact, to some extent, the relevant problem. For instance, the significant growth in the U.S. general
aviation, gives clear evidence of the importance of market forces as driving forces. Therefore, the ATC
role should be carefully considered in the greater context of transport systems.

Focusing only on ATC endogenous factors, it is usually reckoned that a different control philosophy
must be pursued in order to gain more efficiency and economy. During the last decade many remarkable
papers, about this topic, have been provided by eminent scientists.

In particular, most of them assume that a hierarchy of control loops can be envisaged, such as to
associate to each loop a different lead time to predict events and to solve relevant problems.

Since defining the various loops is a controversial point, let synthetically classify them into three
main groups:
- long-term planning actions,
- mediur-term strategic interventions,
- short-term tactical/procedural control.

In today's air traffic systems short-term interventions, essentially devoted to safety, clearly
prevail over medium and long-term interventions, more adequate for expediting and maintaining orderly
aircraft flows. I

Future developments call for a =ore extensive use of the latter control techniques, together with
introduction of a higher degree of automation, in order to reduce delay times and operational costs by
making best use of system capacity or by attempting to increase present capacity.

As far as long-term planning actions are concerned, Ratcliffe lays emphasis on the need to carefully
define the planning time scale. In fact, he asserts that it is not convenient to concentrate research and
development when future is fairly too uncertain to mke predictions or when it is so near that no appre-
ciable influence can be exercised.

Noreover, implementation of long-term plans and developments is quite a delicate matter. Owing to
changing environment, human factors and time necessary for technology improvement, reconfiguring the
system in a gradual, evolutionary way is more likely to account for reliability than a "clean sheet" ap-
proach, involving drastic changes.

As regards medium-term interventions, let confine attention on the strategic control concept within
a "zone of convergence", which is an area sufficiently large so as to guarantee a level of control able
to mke aircraft fly almost uninterrupted climb/descent trajectories.

Particularly, Benoct and Swierstra have performed remarkable studies and experiments in this field,
supported by lurocontrol organization. Other valuable research efforts and tests, along these lines, have
been conducted by qualified experts of F.A.A., Royal Radar Istablisboant and other institutions.

In general, beyond different emphasis placed on various aspects, practical implementation of strategic
control aims at gaining capability of flying pro-planned conflict-fre paths, which can be arranged to be
economic.

This requires advanced 4-D trajectory prediction, monitoring and updating, with pilot carrying out a
set procedure. In addition, future progress to augment statsgic control ask for further development in
airborne navigational aids and, in general, for modernising current airway and ground facilities. As a
consequence, a joint effort both on the conceptual and the technological side will, positively, contribute
to fuel savings and delay reduction.

Notwithstanding, ATC has to deal with users com unity, which is also claiming for other issues like
workload constraints, division of responsibilities, coordination and, more generally, noise and pollution.

Thus, any systam design most include a wide rap of customers to satisfy: airlines, general and
military aviation, all ATC system operators, air transport users and even municipal and national admini-
strations,

In clostng. let me state that, in aw opinion, improvement in quality of air traffic services needs
to e ance cooperation up to synergy anon all different bodies concerned with ATC.
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OVERVIEW OF UNITED STATES PROGRAM FOR MODERNIZING
AIR TRAFFIC CONTROL AND AIRWAY FACILITIES

Robert W. Wedan, Director, SRDS Paul R. Drouilhet, Division Head
Federal Aviation Administration Massachusetts Institute of Technology
800 Independence Avenue, S.W. Lincoln Laboratory
Washington, D.C. 20591 USA Lexington, Massachusetts 02173-0073 USA

SUMMARY

The Federal Aviation Administration (FAA) recently completed a comprehensive plan
for modernizing the United States (U.S.) Air Traffic Control and Airways Facilities over
the period from now to the year 2000. This paper provides an overview of this plan and
describes some of the recent technological developments that provide the foundation for
significant improvements to the system. These improvements include a new discrete address
surveillance and data communications system, an airborne collision avoidance system that
operates independently from the ground-based air traffic control system, the replacement
of the air traffic control computer facilities with modern equipment, the inclusion of a
higher level of automation to aid the controllers and to provide greater freedom of flight,
precision landing aids using microwave equipment, and enhanced dissemination of severe
weather information to controllers and pilots. Other innovations are also planned in order
to meet an increasing demand for air traffic control services but without incurring a pro-
portionate increase in the cost of providing these services.

INTRODUCTION

The Federal Aviation Administration (FAA) has recently completed a plan covering the
next 20 years of modernization of the Air Traffic Control and Airways Facilities in the
United States. This plan, the National Airspace System (NAS) Plan, has resulted from 10
months of extensive review of the present and future expected demand for FAA services, of
the design of our present system, and of potential design improvements. New technologies
were carefully examined to take full advantage of potential functional and performance
improvements, providing that the risks did not appear to be excessive during this 20-year
time period. A description of the major elements of this plan follows, with some detail
of the new techniques and technologies which are part of it.

The plan is comprehensive. It covers all major elements of the FAA facilities which
relate to air traffic control. Figure 1, which lists the chapters of this plan,
demonstrates its scope.

Motivation for upgrading the system is summarized by Figure 2. A primary motivation
arises from the expectation that demand for services from all segments of aviation will
increase significantly over the next 20 years. In addition, recognizing that the present
system is labor-intensive, satisfying the demand would be costly if the present configura-
tion is simply expanded. Not only would direct expansion of the present system not solve
the problem, but also the present system is based on aging equipment which, if not replaced,
would represent a major and growing operating cost. This fact alone would justify up-
grading the system, even if the expected growth in demand does not raterialize.

GROWTH IN DEMAND
Figure 3 illustrates the forecast aviation activity for approximately the first half

of this planning period. Only the civil aviation activity is depicted by this Figure, and
is expressed in terms of passenger miles flown for the air carrier end commuter aviation,
and in hours flown in the case of general aviation and helicopters. Clearly, significant
growth is expected in each of these segments, and in aggregate.

Perhaps a more relevant picture is suggested by Figure 4, where the demand is
expressed in terms of services required at FAA facilities, towers, and flight service
stations. Although not shown, a similar picture exists for operations using other FAA
facilities, particularly en route and terminal control facilities. New kinds of service
demands are also expected. In particular, helicopters are expected to increase operations
under instrument flight rules and in airspace set aside for their use in order to maximize
fuel efficiency. Further, helicopters will use airspace that may require new communications,
navigation, and surveillance methods because of their low altitudes of operation. These
include operations to offshore areas, remote areas, and into city centers.

While recognizing this expected growth, the FAA must also consider some practical
limitations. One of the most significant is that of airports and runways. It is unlikely
that any major new airports will be constructed during this period. Therefore, the number
of runways available for larger aircraft is probably limited to what exists today. Con-
sequently, system capacity improvements must result from upgrading efficiencies of opera-
tion, especially through the employment of higher levels of automation.

MAJOR DECISIONS
The NAB Plan embodies a number of critical decision@ regarding the future course of

the evolution of air traffic control. The following discusses the principal decisions.

There have been numerous suggestions that certain ATC functions be delegated to the
cockpit. A basic decision is the first one listed in Figure 5. Although the delegation
of additional ATC functions to aircraft appears to be technically feasible because of the
availability of new technology, there is insufficient evidence that doing so would be
operationally successful or beneficial. Traffic information, for example, can be made
available to the pilot either via the data link service of Mode S or by the onboard traffic
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alert and collision avoidance system, both of which are discussed later in this paper.This information could be used to present to the pilot a plan view display of nearby
traffic. However, the basic question of whether pilots of several aircraft so equipped
with such displays can maintain self-separation has not been answered. Until this has
been safely demonstrated and significant benefits identified, the FAA believes that
centralized control, embodied in an air traffic controller on the ground, will continue
to be required to maintain safe separation and ensure a smooth flow of air traffic.

The next decision listed in Figure 5 relates to the introduction of new systems to
improve the efficiency of different elements of the FAA operations. Basic to all of these
is automation, or the use of equipment to augment human capabilities. This will be
expanded on subsequently in this paper.

Figure 5 next shows that the FAA will implement the new Microwave Landing System, or
MLS. This will be accomplished over a period of years where MLS will initially be a
supplement to the Instrument Landing System (ILS) to aid in the transition process.

As mentioned earlier, automation to augment human capabilities is a theme that is
followed in the plan. Another area where automation will be applied relates to weather
observations. New technology, now available commercially, will be applied to the function
of station observations. New weather radars which will measure wind and turbulence by
Doppler techniques will also be put into the system. These observations will be dissemi-
nated throughout the system to provide realtime data to both controllers and pilots.

The next major decision relates to upgrading airport capacities. This is not a new
decision but a reaffirmation of the continuing need to operate the system as efficiently
as possible to accommodate the traffic growth with essentially a fixed inventory of runways.

On the next point, today's system has 25 air route traffic control centers and 184
automated terminal facilities. These as shown on Figure 6 will be consolidated into a
total of 60 facilities: en route facilities will pick up the responsibility for some of
the terminal operations within the center area; some new facilities will be created to
control the traffic in a number of contiguous or nearly contiguous metropolitan airports.
Similarly, today's 317 flight service stations will be brought together into 60 automated
flight service stations. Flight service stations are the principal source of weather and
flight planning information for the general aviation pilot. Whereas much of this service
is provided today to the pilot directly at the flight service station, at the new facili-
ties it will be almost entirely by telephone.

There will also be a consolidation of the technical facilities, providing communica-
tion, navigation, and radar services.

This planned consolidation should be kept in mind as we examine some of the changes
planned for the elements of the system.

As stated earlier, key to the desired improvement in efficiency of the FAA operations,
as shown in Figure 7, is the introduction of higher levels of automation into the control
process. This goes hand in hand with the introduction of a new computer system for both
terminal and 3n route control. Recognizing the time necessary for such a major change,

I Ithe presently planned upgrading of the current terminal control systems (ARTS II and III)
will proceed, and the initial implementation of the new computer system will be in the
en route traffic control centers.

This new, common terminal and en route computer system will allow the gradual intro-
duction of higher levels of air traffic control automation, providing for a comprehensive
management of the overall air traffic flow.

In addition to the automation of the traffic control centers, substantially greater
levels of automation will be introduced into the flight service operations, making infor-
mation much more readily available to the flight service specialists and also making this
information available to pilots directly from remote data terminals via telephone data
communications. The expected result of these changes is that about 70 percent of the
services rendered today by flight service station specialists will be replaced by direct
access to the computer data base. Expected growth in demand will herefore be accommo-
dated without an increase in staffing. Preflight access to the weather data base will b3
accomplished either by remote terminals or by computer-generated voice responding to
inquiries made on touchtone telephones. This will provide information on various weather
products, NOTAMs, and will allow for the automatic filing of flight plans.

The final area of major systems decisions, shown in Figure 8, relates to air traffic
surveillance and separation. Key to this is the decision to implement Mode S as an
evolutionary upgrading of the current Modes A and C secondary surveillance radar. Using
Mode S, aircraft will be addressed discretely by the ground system, allowing for the
interchange of data link messages between ground and aircraft, thus providing a new air-
ground communication capability to supplement voice. This same signalling capability will
be employed for air-to-air communications between TCAS-equipped aircraft for traffic alerts
and for coordinating conflict resolution maneuvers.

As part of the planned upgrading of the secondary surveillance radar system, it is
anticipated that en route primary radar will be phased out by the year 2000. Terminal
primary radar will be retained with an upgraded weather capability, and a new multi-
function weather radar system will be provided for en route weather information.

At this time the use of the air-ground data link has not been fully defined. The
FAA plans to make available a variety of data link services in incremental steps as
requirements are firmed up. Initially, the link may be used to make weather information
more easily available to the pilot in flight. Early air traffic control functions under
consideration would include the automated sector handoff. and clearance delivery.
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Another data link function under consideration is the automation of the ground-based
radar traffic advisoiy service. This can provide to the Mode S-equipped aircraft an
equivalent traffic advisory service to that provided manually, without, however, loading
the air traffic controller.

A key decision with regard to separation is the early introduction of an airborne
traffic alert and collision avoidance service, or TCAS, totally independent from the
ground. This service will provide a backup to the air traffic control process, providing
the pilot of the equipped aircraft with timely warnings if the ground-based system fails
to provide adequate separation, and a maneuver command to ensure safe resolution of a
conflict. TCAS parameters are set such that controller actions, aided by conflict alert
and conflict avoidance functions, will normally precede TCAS commands. TCAS, therefore,
is a backup to the ground system actions.

COMPUTER MODERNIZATION
Let us look now in greater detail at the planned modernization of the air traffic

control computer facilities. Figure 9 indicates that with currently planned improvements,
these facilities are adequate to handle the demand of the next several years. However, it
is recognized that both to accommodate future demands and to eliminate the increasing costs
associated with maintaining aging equipment, a replacement computer system is required.
Current computer technology is adequate to the need. The issue is the system design or
overall architecture. As pointed out earlier, merging of the en route and terminal
functions is expected to provide increased efficiencies both in realization of the system
as well as in its operation and manning.

Figure 10 shows that the implementation of the new computer system will proceed in
three major steps. First, new hardware will be introduced which can accommodate the
existing software and display consoles or sector suites. Second, new system software will
be introduced simultaneously with new sector control suites which have substantial integral
computation capability. Finally, with the expansion of the processing capability provided
by the new sector suites, software embodying higher levels of automation, including auto-
mated en route air traffic control, or AERA, will be introduced.

To see what this means from the controller's point of view, compare Figures 11 and 12.
Figure 11 depicts the typical current sector suite, manned by three or four controllers;
the radar controller assisted by others to handle bookkeeping and coordination functions.

The present concept for the new sector suite is shown in Figure 12. With the assist-
ance of the increased levels of automation, one controller can perform the functions which
previously required several.

The introduction of the new sector suites will allow a number of functional improve-
ments in the air traffic control process, as depicted by Figure 13. The near-term will
include expanded conflict alert and resolution capabilities, more convenient displays, the
introduction of DABS, or Mode S, data link capabilities, and more convenient access to
weather information. In the longer term, the expanded functions of AERA will be intro-
duced, including en route flow management and strategic clearance planning, and tactical
clearance generation allowing for the much more widespread use of direct, fuel-efficient
routes.

WEATHER
Let us turn now to look at the planned upgrading of weather facilities.
The principal requirements, shown by Figure 14, are for improved and expanded services

and, simultaneously, lower cost. Real-time weather information should be more readily
available, both to pilots and controllers, at an increased number of reporting points.
Many airports today at which instrument flight operations take place do not have weather
reporting facilities.

Figure 15 depicts the overall architecture of the automated weather system. The core
of this is the center weather processor and the center weather service unit. These units
accept inputs from weather radars and, via flight service stations, from manual and auto-
matic weather observations, and provide data to the terminal and en route controllers and,
again via the flight service station data processing system, to the automated flight
service stations.

Key to this system is the introduction of automatic weather observation systems.
These will replace human observers at many terminal facilities, automatically providing
observations of wind direction, velocity, altimeter setting, temperature, dewpoint, ceil-
ing, and visibility.

Not only will this information be available through the centralized automated weather
system, but it will be broadcast locally to make the information available directly to the
pilot, as shown on Figure 16. Not only will he be able to get information from these
local automatic weather observation systems, but also via the Mode S request/reply link.
The pilot in flight will be able to get any of the weather products stored in the center
weather processor, thus providing substantially more convenient weather information
availability.

MICROWAVE LANDING SYSTE
The introduction of the microwave landing system, already developed through an exten-

sive international cooperative process, has been made an element of this plan. The key
motivating factors for the introduction of NB are listed in Figure 17. They include:
its reduced site sensitivity, allowing its use at many airports which cannot economically
accoamodate ILB; a larger number of channels permitting use at more closely spaced
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terminals; increased guidance accuracy, especially at difficult sites, providing the basis
for expansion of category 2 and category 3 services; and the provision of precise guidance
over a wide coverage area, allowing the use of many approach paths and affording precision
departure and missed-approach guidance as well as approach guidance.

Figure 18 illustrates the principal features of the microwave landing system, empha-
sizing that it is an air-derived system and provides precision guidance in azimuth, eleva-
tion and range. Elevation and azimuth guidance are provided at C-band, or roughly 5000
MHz, whereas the distance, or DME, function is provided at L-band for compatibility with
existing L-band DME.

The MLS coverage volumes are depicted in Figure 19 which emphasizes the ability to
use other than straight-in approach paths, various glide slope angles and precise departure
guidance as well as approach guidance.

MODE S

A key element of air traffic control automation is the introduction of Mode S, or dis-
cretely addressed secondary surveillance radar. First of all, as shown on Figure 20,
Mode S will provide improved accuracy and continuity of air traffic surveillance, enhancing
the ability to track, and thus project the future position of aircraft, and forming the
basis for improved automatic conflict detection and avoidance services. Secondly, Mode S
provides the ground-to-air and air-to-ground data link on which many of the future auto-
mated air traffic control services depend.

While the full benefit of Mode S depends upon both the ground facilities and aircraft
being equipped, much of the surveillance improvement is obtained just by the introduction
of monopulse techniques and improved signal processing at the ground-based interrogator
facility. In fact, some administrations are moving forward to introduce this capability
into existing SSR systems prior to the introduction of Mode S.

Figure 21 depicts the improvement in surveillance capability which the new techniques
provide. On the left we see the successive aircraft positions determined by a contemporary
high-grade SSR system. Each symbol represents a measurement of aircraft position at a
4-second scan period. While this quality of information is adequate for manual control,
it represents a quite noisy input to a tracker and makes difficult the job of projecting
future aircraft positions. on the right is shown the same set of aircraft tracks as
measured by a Mode S sensor. As is evident, there is much less measurement noise and
fewer false targets. This higher quality surveillance data can provide much better pro-
jection of future aircraft position, enhancing the performance of conflict detection and
resolution algorithms.

As mentioned earlier, there has not yet been any firm decision as to the data link
services which will be provided by Mode S. Principal candidates for early implementation,
shown on Figure 22, are weather information, traffic advisories, enhanced terminal infor-
mation service, and air traffic clearances. For the past couple of years, the FAA has
been carrying out experiments to determine the utility of some of these services to the
pilot of an aircraft in flight. The next few Figures show examples of some of these
services, as the information might be displayed in the cockpit.

Figure 23 depicts ground-derived weather information transmitted to the aircraft and
displayed on a color cathode ray tube display indicator in the cockpit. For convenience
in these experiments, we have used the indicator of a currently available alphanumeric
airborne weather radar display. In this display each symbol represents the intensity
level of the greatest return in a 22-mile square, with the map centered on the indicated
VOR station--in this case, the Oklahoma City VOR. A fairly large area is shown, approxi-
mately 200 by 600 nautical miles. As can be seen here, there is a broad area of measurable
precipitation with level four returns in one area, indicating a high probability of severe
weather in that location.

The same display is shown on Figure 24 depicting the ohanced terminal information
service for the Atlantic City airport, giving cloud cover conditions, visibility, surface
winds, the approaches in use, and relevant airport information.

Finally, a number of experiments have been carried out to provide aircraft in flight
with automatic traffic advisories. Figure 25, on the same display we have seen in
previous Figures, depicts the traffic situation with own aircraft in the center, a 2-mile
range ring, two aircraft which represent no threat, and one aircraft 400 feet below own
aircraft which is judged to represent a threat. For this threatening aircraft, its pro-
jected flight path for the next 40 seconds is also depicted.

These data link services, it must be emphasized, represent experiments which have been
carried out, not operational services. Much work remains to be done in determining the
exact nature of the services, the information to be transmitted, and the character and
formats of the displays.

TCAS

The final subject for detailed discussion is the traffic alert and collision avoidance
service, or TCAS. Figure 26 lists the major goals of this program.

The desirability of an airborne collision avoidance system, operating completely in-
dependently of the ground-based air traffic control system, has long been recognised.
Several candidate system have been developed and proposed for operational implementation.
All, however, have suffered from the severe drawback that they provided protection only
against other aircraft which were also equipped with compatible equipment. Since it was
Judged impractical to require all aircraft to carry special equipment for collisioi, avoid-
ance, no such system was ever judged suitable for operational implementation.
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TCAS substantially resolves this problem by providing protection not only against
other TCAS-equipped aircraft, but also against all SSR-equipped aircraft. Fully coopera-
tive conflict detection resolution is provided when both aircraft are equipped. When one
is only SSR-equipped, the burden for conflict resolution falls entirely on the TCAS-
equipped aircraft. TCAS has been designed to operate in the highest predicted density
air traffic environments expected in the next 20 years, and its interrogations, power
levels, and protocols have been selected so as to not interfere with the ground-based air
traffic control interrogators. Not only must it not interfere with the air traffic
surveillance, but its conflict detection and resolution algorithms must not interfere
with normal air traffic control operations; that is to say, this system must'not interfere
with normal air traffic flow. I

TCAS operates in three different ways, as shown on Figure 27, dependin& on the
equipage of the threatening aircraft. If both are equipped with the full capability, or
TCAS-II system, they detect each other, automatically coordinate on avoidance maneuver,
and display the maneuvers to the respective pilots.

If the detected aircraft is equipped with the more limited TCAS-I, that is with a
Mode S transponder and display, the decision on how to resolve the conflict is made
solely by the TCAS-II equipped aircraft, and this decision is communicated to the TCAS-I
aircraft via the Mode S data link. This allows the same capability for cooperative con-
flict resolution as in the case when both aircraft are TCAS-II equipped.

Finally, if the detected aircraft is only equipped with SSR, the TCAS-II equipped
aircraft cannot communicate its intentions to that aircraft, but must resolve the con-
flict entirely on its own. Although, as will be pointed out later, TCAS includes an
option of displaying the relative bearing of the threatening aircraf.., all avoidance
maneuvers are vertical; that is to say, climbs or descents.

As referred to in Figure 27, there are three principal versions of TCAS. In Figure
28, the so-called baseline TCAS, formerly called BCAS, has the principal functions of
TCAS-II, but a more limited traffic-handling capability.

TCAS-II performs directional interrogation to enhance its ability to operate in high
traffic densities, and measures the relative bearing of nearby aircraft for display to
the pilot.

The simpler TCAS-I version is primarily intended as a low-cost unit for general
aviation. It receives and displays the maneuver intent information from a TCAS-II air-
craft, and can provide a simple proximity warning of a nearby SSR-equipped aircraft; that
is, it will alert the pilot that there is another aircraft within a few miles of him[which he should be looking for, but does not provide information on bearing or altitude,
and does not provide a conflict-avoidance maneuver.

TCAS-II provides a display of nearby aircraft similar to that provided by the auto-
mated traffic advisory service described earlier. Shown in Figure 29 is an experimental
display, displaying the relative bearings and altitudes of three nearby aircraft as
measured and displayed by TCAS-II. One, judged to be a threat, is shown in red; that is,
the one which has led to the generation of a maneuver command.

IMPLICATIONS TO USERS
Up to this point the paper has focused primarily on planned changes to the ground

systems, with reference to related airborne changes. In concluding, the following dis-

cusses briefly the implication of these changes to the users of the airspace, the aircraft
operators and pilots.

A number of direct benefits will accrue to the airspace users, as shown on Figure 30.
A very important one is increased safety: through improved separation services, provided
by the ground system augmented by an independent airborne backup system; through improved
information on the weather both en route and terminal; and, although not shown on the Figure,
through improved landing guidance. Many airports that do not now have precision approach
guidance will get it with MLS, and airports which now have ILS will have improved service.

The introduction of higher levels of automation into the air traffic control process,
leading finally to AERA, will result in more efficient traffic flow, in turn leading to
reduced delays and correspondingly reduced fuel consumption. This comes about both from
generally more efficient and predictable operation, and from being able to accomodate
much more direct point-to-point operation, rather than requiring conformance to the
structured airways as is generally required today.

Most of these benefits, particularly the latter ones related to the automation of the
air traffic control process, will not require changes in the aircraft onboard equipment.
They will, however, allow the operator to derive greater benefit from sophisticated area
navigation and flight management systems with which many new aircraft are equipped.

Some of the new services, particularly those relating to separation and MLS, will
require new equipment on board the aircraft. In particular, the TAS equipment will be
required for all operators desiring the enhanced safety afforded by an autonomous, air-
borne, collision avoidance system. This equipment includes a Mode S transponder and
thus, once installed, makes available in the aircraft the other services which will be
available on the Mode S data link.

Aircraft not requiring the full TCAS capability can equip with a lower cost TCAS-I
or Mode S transponder with appropriate display to realize the benefits of the Mode S
data link services, including the automatic traffic advisory service.

Of course, to take advantage of the proliferation of microwave landing systems on
the ground will require new airborne equipment.
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Finally, meeting the communication needs of the expanding air traffic control system,
particularly during the interim period prior to widespread use of data link, will require
the increased number of communications channels made available by 25 KHz channel spacing.

In addition to the above direct benefits, an indirect but no less real benefit to
the airspace users results from the reduced cost of operation of the FAA that will ensue
from the more widespread automation. There has been increasing pressure in the United
States to fund a significant part of the cost of operating the air traffic control
system through direct user charges. To the extent that this happens, any reduction in
system operating cost thus accrues to the user as a direct benefit.

CONCLUSION

As stated at the beginning of this paper and as illustrated throughout, the Federal
Aviation Administration has developed a comprehensive plan for the upgrading of the United
States air traffic control system over the next 20-year period. Detailed development and
implementation efforts are now underway to carry out this plan.

STRUCTURE OF THE PLAN PRINCIPAL MOTIVATING FACTORS

CHAPTER TITLE * GROWTH IN DEMAND

I OVERVIEW * COST

II DEMAND ON THE SYSTEM o SIMPLE EXTENSION OF PRESENT SYSTEM
III EN ROUTE SYSTEM ARCHITECTURE WILL NOT YIELD NEEDED

BENEFITS

IV TERMINAL SYSTEM * EXISTING FACILITIES ARE AGING

VFLIGHT SERVICE SYSTEM

VI GROUND-TO-AIR SYSTEM

VII INTERFACILITY COMMUNICATIONS Figure 2

VIII AUXILIARY SYSTEM

Figure 1
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Figure 3
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The Demand

_S/U Cimm0 AATOwsrOPS- MIIl

13%GrawUm

91% rowth

GenwaAvon

1981 198 1990 1993

Figure 4

The Major System Decisions

GENERAL
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* A Major Improvement of the FAA Communications System Will Be

Implemented Figure 5

* ILS Will Be Supplemented By, and Then Replaced By MLS
* Work Must Continue on Improvement of Airports and on

Achievement of Higher Airport Capacity
* FAA Will Proceed With Consolidation of Facilities to Achieve

Productivity Improvements and Realize System Efficiencies
Automatic Weather Observation Systems Will Replace Manual
Observers

The Facility Locations
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THE MAJOR SYSTEM DECISIONS THE MAJOR SYSTEM DECISIONS

AUTOMATION SURVEILLANCE AND SEPARATION

o FAA WILL PROCEED WITH UPGRADING OF ARTS 1n AND * MODE S WITH DATA LINK WILL REPLACE TIE ATC RADAR
ARTS III SEACON SYSTEM

a A COMMON COMPUTER SYSTEM FOR BOTH TERMINAL AND * EN ROUTE PRIMARY RADAR WILL BE PHASED OUT SY 2000
EN ROUTE APPLICATIONS WILL BE PROCURED TERMINAL PRIMARY RADAR WITH A WEATHER CHANNEL WILL

BE CONTINUED
0 THE HIGHEST PRACTICAL LEVEL OF ATC AUTOMATION WITH

AN INTEGRATED FLOW MANAGEMENT PROCESS WILL BE 0 TCAS WILL E AN IDEPENDENT SYSTEM
IMPLEMENTED

o AN AUTOMATIC TRAFFIC ADVISORY SERVICE MAY SE DEVELOPED
* THE AUTOMATED FLIGHT SERVICE STATION SYSTEM WILL SE FOR LIMITED TERMINAL APPLICATION

IMPLEMENTED. MAJOR IMPROVEMENTS IN WEATHER SERVICES
TO USERS WILL BE PROVIDED * A NEW WEATHER RADAR SYSTEM WILL ME PROVIDED TO

COMPLEMENT TERMINAL RADAR WEATHER CHANNEL

Figure 7 Figure 8

COMPUTER MODERNIZATION
COMPUTER MODERNIZATION DECISION

IMPORTANT FACTORS
* REPLACE COMPUTER HARDWARE - (STEP 1)

0 CURRENT SYSTEM COMPUTER CAPACITY IS SUFFICIENT THROUGH
MID-1980's WITH CURRENTLY ON-GOING IMPROVEMENTS KEEP PRESENT DISPLAYS AND SOFTWARE

0 AVAILABLE COMPUTER TECHNOLOGY IS NEEDED TO PROVIDE FLEXIBILITY 0 NEW SYSTEM DESIGN - (STEP 21
TO ACCOMMODATE THE RANGE OF FACILITIES. CAPACITIES. AND
FUNCTIONS PROJECTED NEW SYSTEM SOFTARE

NEW SECTOR CONTROL SUITE
o USE OF DISTRIBUTED COMPUTERS AT THE CONTROLLER POSITIONS WILL BUILDS ON ABOVE COMPUTER HARDWARE

PROVIDE NEEDED FLEXIBILITY AND REUABILITY
S FUTURE AUTOMATION - (STEP 3)

* TECHNOLOGY IS NOT A PROBLEM - SYSTEM DESIGN IS

AUTOMATED EN ROUTE ATC (AERAI
* MERGING OF EN ROUTE AND TERMINAL FUNCTIONS IS NEEDED AND

BENEFICIAL Figure 10

Figure 9
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Figure 11
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MICROWAVE LANDING SYSTEM
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TCAS

GOALS

* FULL PROTECTION AGAINST TCAS-EQUIPPED AIRCRAFT

* USEFUL PROTECTION AGAINST SSR-EQUIPPED AIRCRAFT

* OPERATE IN HIGHEST PREDICTED DENSITY AIR TRAFFIC
ENVIRONMENTS

0 NOT INTERFERE WITH ATC SURVEILLANCE OR OPERATION

Figure 26

TCAS - SYSTEM DESCRIPTION
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MODE S DATA LINK
o COORDINATED MANEUVEIPS WITH TCAS II
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SSR SURVEILLANCE
* PROTECTION AGAINST SSR AIRCRAFT

IVERTICAL AVOIDANCE MANEUVERS

Figure 27

TCAS

VERSIONS

BASELINE TCAS (SCAS) - LIMITED CAPABILITY

* OMNIDIRECTIONAL INTERROGATION

TCAS II - FULL CAPABILITY

o DIRECTIONAL INTERROGATION
o RELATIVE BEARING INDICATION

TCAS I - LOW-COST GA VERSION

o RECEIVES MANEUVER INTENT FROM TCAS II

o PROXIMITY WARNING OF $SR-EQUIPPED AIRCRAFT

Figure 28
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I Figure 29

~USER IMPLICATIONS

BENEFITS

* INCREASED SAFETY THROUGH COLLISION AVOIDANCE AND IMPROVED
WEATHER INFORMATION

N REDUCED DELAYS

* REDUCED FUEL CONSUMPTION

* PROLIFERATION OF POINT-TO-POINT NAVIGATION
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Figure 30
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MANAGEMNT & PLANNING CONCEPTS

BY

S. RATCLfIFE - BSc. FRIN, FRAsS. Consultrnt

2. Mason Close, Malvern, '4orcs. WR14 2NF England

SUMMARY

This paper outlines the processes used for management and control of air traffic. Some congestion
in airspace or at airports in inevitable, the further ahead this congestion is foreseen, the more
economically it can be resolved. A limit is set by the accuracy w"ith "hich the future can be predicted.

Existing ATC systems necessarily use human controllers, who often significantly outnumber the circraft
under their control. It is not easy to see how this situation might be improved. Control tasks
must be divided up betw4een numerous controllers who, at busy times, cannot discuss each others problems
in any detail. Controllers therefore solve only subsets of the total problem, end their solutions are
significantly less efficient than theory indicates in possible. The extent to which "automption"
might make possible cheaper or more efficient ATC is limited by safety considerations and difficult
"human factors" problems.

INTRODUCTION

This paper wilZ discuss the concepts which underlie air traffic management and control, and possible
evolutionary changes in the ATC organisation. The emphasis will be on those aspects of ATC which have
important economic implications, and since it is the airlines and their operations that are of greatest
economic importance, the paper will concentrate on airline operation in controlled airspace. For
those readers who are not familiar with ATC problems, the paper will begin with a simplified account of
some of the fundamentals.

ATC is part of the air transport process, the object being to enable the aircraft to carry out their
missions as safely and economically as possible. Efficient operation of a passenger jet requires it to
cruise at a high level.

Table 1 shows, for a medium range passenger transport, powered by two RB211 engines, the distance that
can be flown, for a given weight of fuel, at various flight levels. At any given level, the cruising
speed is assmed to be chosen to give maximum range, and this speed is also given in the Table.

TABLE I
Specific Range (at speed for max. range)

As a Function of Cruising Height

Height True Airspeed Specific Rang,
For Max. Rangs

(Ft) (K ) (l g) . 10T

0 290 56.0
5,000 305 62.3

10,000 318 68.7
15,000 345 75.0
20,000 370 81 .3
25,000 388 87.7
30,000 420 94.0
35t000 440 99.940,000 Cruise Thrust Limit Exceeded

It will be seen that flight at higher levels bring, the further benefits that the flight is faster, and
the aircraft and its crew are therefore sooner available for other work. There is a price to be paid
for operation at these higher levels. A subsonic aircraft has an upper limit to the Mach nmber at
which it can operate, and the upper speed limit falls with the speed of sound at increeing altitude.
Nore seriously, the minimm speed at which the wins can develop enough lift to support the aircraft
weight must rise as sit density falls.

The demand for efficient operation in cruising flight thus pushes the aircraft into a region where the
safe range of operationg airspeed$ in fairly limited. This ramg Is les, at the higher levels,than
the range of vindepeeds to be expected. it is therefore out of the question for an airline to achieve
the punctuality expected in other forms of tranport. ATC must expect, every day, to be faced with a
different pattern of events, a pattern not predictable far in advance.

Table I sgeted thet the secret of economical operation was to cruise at the highest possible level.

In reality, the ecosmic* of flight ar more comple tha this. because of the problem, and coats,
involved in climb and descent. It Is true to sa, however, that all Jet aircraft on roughly similar
st e lengths are likely to be compting for the same optimm flight levels, and tbq will wish to spend
as mush of the flight as possible in ceae. Thee ae obvious cost penalties if climb is restricted,
or if the aircraft Is deceaded pmtumly en appraohsm the destination.

An airliner, erU1V In clasa 6estimwmtia requie a thMt fam the powex p lt that Is about 1/20
of the weight of ts aircraft. It is eaily shown that to get the straft to alilb 3 degrees would
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require thrust to be cut to zero. In practice, the need for electrical power, cabin air etc. sets a
lower limit, "flight idle", to the thrust.

Another limitation on descent rate stems from cabin pressurisation. The aircraft structure is normally
designed to deal with an outside atmospheric pressure not greater than that in the cabin. Once an
aircraft has descended to cabin pressure level, 8,000 ft say, a system of valves keeps the cabin press-
ure in step with the outside atmosphere, and the descent rate can no longer be sustained above about
400 ft/min without passenger discomfort. Descent from cruise level to ground, therefore, cannot easily
take less than about 25 mine. ATC must therefore plan the descent about half an hour ahead, and during
this time the aircraft will travel perhaps 150 miles, giving rise to possible co-ordination problems
inside the ATC system.

ATC and ATM

The title of this paper covers 2 different concepts: "%ir traffic control" and "Air traffic Management".
ATC is here defined as the process which issues commands to individual aircraft, and using ATM to de-
note those processes which take decisions applying to classes of traffic, such as aircraft on a given
route or departing from a given airfield.

All ATC and ATM processes require some measure of prediction of the future, and remedial action is
called for if the predicted future seems unsatisfactory. Reference (1) suggested that the various
processes could be classified according to the distance ahead in time to which they are looking.

We may begin with a time about 6 months before the flight, when the airline is putting together its
time-table. Most large airports have what is often called a "scheduling committee* which looks at the
forecast airport movement rates and compares them with the declared capacity of the airport. If the
demand is too high, some process of negotiation is used to reduce peak demand to match the capacity.
As well as these studies of airfield demand, usually carried out on a national basis, Eurocontrol uses
a computer-based airspace model to detect situations where there is serious en-route congestion, and
these problems are resolved in a similar manner. On the day when a flight is due to take place, things
may have gone wrong. There may be failures in navigation aids or surveillance systems, or other fact-
ors, such as industripl action, causing a loss in traffic capacity.

The process known as flow-control involves some constraints on movement rate on one or more routes. In
W Europe, at least, these constraints usually originate in one of the ATC centres. Constraints may take
many different forms. They are sometimes imposed at relatively short notice but other restrictions
remain in force for a long time.

Demand scheduling and flow-control fall within the earlier definition of air traffic management. ATC
involves a shorter time-scale, and, indeed, ATC is little concerned with an aircraft until soon before
taxi and takeoff. ATC's longer-term predictions are extracted from the flight-plan which an aircraft
must file with ATC before flight in controlled airspace. This flight-plan includes the aircraft type
and radio call sign, a full description of the route the aircraft wishes to fly, the desired cruising
flight level, the airspeed in cruise and in climb, the planned departure time and so on. Most centres
now have computers which extract from the flight-plan details relevant to the various control sectors,
and display this data to the controllers a few minutes before the aircraft is due to reach them. Radar
is used to give more accurate short-term predictions of aircraft position.

As already explained, aircraft cannot always be punctual. There Is a need to revise flight-plan eat-
imates of height and time at points along the route, in the light of ATC restrictions or earlier exper-

ience. In principle, this is easy when revising data stored in the local flight-plan computer.
Ideally, data in computers in centres further along the route should also be updated. There are con-
siderable practical problems when there are computer systems not always fully compatible with each other.
There is work in Europe on the exchange of data between the computer systems of adjacent States, but
much of the work is still experimental.

In areas, such as the N Atlantic, where there is no radar cover, ATC must rely on position reports from
the aircraft. These are used to update data derived from the flight-plan and recorded on flight progress
strips. Usually one strip in produced for each reporting point. In areas where there Is radar cover,
flight progress stripe are still produced, but the aircraft are not usually required to report height or
position, since this data can be derived from secondary radar.

When an aircraft enters an ATC cntre's area of jurisdiction, a controller will issue a "procedural
clearance", based on the flight-plan but with any necessary constraints on height or speed. This clear-
ames Is designed to provide a safe, if not necessarily expeditious, trajectory for the aircraft and
commonly covers at least 15 minutes of the flight. In the event of radar or communications failure,
this plan must be adhered to, but under more normal circumstances the radar controller may be able to
lift the restriction at some later time.

The radar controller relies mainly on data on his electronic displays. Aircraft can 1. identified by
means of a secondary radar identity code, assigned by ATC, and modem radars label their plots with
identity and height derived from SUR. In generalsurveillance radar gives a measure of the relative
position of a pair of aircraft that in more up-to-date and more accurate than information derived from
pilots reports of their positions. It is also possible, from immediate past history, to derive a
reasonable estimate of gound speed and track that is not usually available by any other means. It can
also supply some of this data for aircraft that are not co-operating with ATC. The separation standards
used by radar controllers allov a mob closer spacing than does procedural ATC, and controllere using
radar are often working on a shorter tine-scale.

COLLISION AVOIDANCE

Airborne collision avoidance, it can be argued, Is net part of AYC but some kind of substitute for it.
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It deserves mention, however, becruse the presence or absence of an effective version of such a device

must have a considerable influence on ATC concepts. The simplest collision-avoidance device is the
pilot's eyeball "See-and-avoid" is the basis of flight safety in much of the World's airspace. The
•eaknesses of is system are its failure in bad visibility, the limitations on the directions in which a
pilot can obsi. approaching threats, the difficulty of seeing a threat at an adequate range, even in
clear sky, and, not least, the difficulty of choosing an appropriate escape manoeuvre.

Pressure for the adoption of some electronic airborne collision-avoidance device has mostly come from
the USA, the main objective being to reduce the risk of collision between air carriers and general avia-
tion traffic.

The most recent of a succession of devices designed to meet this need is the Traffic Alert and Collision
Avoidance ystem. (2). This is based on SSR Node S. although it offers limited protection against air-
craft carrying earlier versions of SSR.

TCAS, like earlier systems, has no knowledge of the intentions of any possible threat, and the TCAS logic
should therefore, ideally, be based on worst-case assumptions about any other aircrafts' future intentions.
Although the theory underlying TCAS does not appear to have been published, the logic would seem to be
beat adapted to aircraft in straight-line flight at constant speed.

TCAS must be compatible with the operation of present-day ATC as practised in domestic US airspace. It
is perfectly in order for an aircraft to he in flight along and airway, under instrument flight rules,
whilst another aircraft is in flight immediately above or below the first, under visual flight rules and

separated by 500 ft. In this situation, if both aircraft carried TCAS. they would receive "do not
descend" or "do not climb" advisory messages. If one aircraft did not have TCAS, or if the advice was,
for some reason, ignored, a positive evasive manoeuvre would be commanded only after some further lose of
height separation. For an aircraft in straight-line flight, TCAS parameters should give rise to an alarm
only 20 - 30 seconds before impact. When aircraft are not both in straight-line flight, the warning
time ay be even less. Consider, for example, a pair of aircraft, one in stralght-line flight and the
other flying a rate one turn, as in holding pattern. Suppose that the holding aircraft begins to des-
cend at 1000 ft./min. and that the two aircraft are due to collide. It can be shown that only about 15
seconds before impact will TAS deliver its first warning. It seems, therefore, that the aircrew need
to obey TCAS comiands without pausing to consider the wisdom of the manoeuvre.

The situation described above was chosen to be unfavourable to TCAS. If it were used merely as a backup
to the ATC system, and achieved only a 30% success rate in catching blunders, WAS would still be a
valuable device. It does not, however, appear likely to be able to take over many of the tasks presently
carried out by ground-based ATC. Nevertheless, TCAS could play a useful role in ATC, not merely in the
USA but in many parts of the World, provided that two conditions are satisfied. Firstly, the range of
sensitivity settings, presently specified in the US National Standard, (3) needs to be broadened. Sec-
ondly, it is important that the strengths and weaknesses of WAS should be more clearly understood.

COSTS AND AIR TRAFFIC CONTROL

The present collection of papers is really concerned with ATC economics. It goes without saying that
ATC has to achieve an acceptable level of safety, the problem is to achieve that safety at inimu cost.
There are really two kinds of cost, the cost of operating the flights and the cost of the ATC organis-
ations. Attempts are usually made, one way or another, to pass the cost of ATC on to the airspace user,
so for present purposes it will be assumed that the object is to inimise the overall cost. including
the cost of ATC.

Consider first the direct cost of operating the flight. Rven if airspace had unlimited capacity, there
would still be traffic limitations set by the airports. Oiven an irregular pattern of demand for the

runways, some congestion is inevitable, even at traffic levels far below the ultimate capacity of the
airport. The earlier this congestion is foreseen, the more opportunity there Is for the airline or air-
crew to re-arrange their activities so as to minimise the resulting economic penalty. The following
paper will discuss techniques for increasing the accuracy with which one can predict the time of arrival
of an aircraft at its destination, half-an-hour ahead, say, and the cost savings that might result.
Some form of on-route speed reduction is undoubtably a cheaper way of achieving a given delay. than is
flight in low-level holding pattern with the aircraft in a high-lift high-drag configuration. Cheaper
still is a delay before engine start-up.

The difficulty, of course, is that forecasts of future delays are fallible. If delays are imposed in
anticipation of congestion later in flight, some of these delays will later be found to have been

unnecessary. This point is illustrated by a simple computer simulation described in ref. (4) which
was concerned with the flow of traffic inbound to a "gate" in the vicinity of a destination airport.
Similar effects no doubt arise elsewhere in ATC, although the flow-control process, for example, is less
easy to analyse. Existing air traffic control systems are generlly based on the assumption that traffic
is not particularly predictable. It is necessary, therefore, to operate an adhMe basis, to accept air-
craft whenever they chance to arrive, and to attempt to impose a precise pattern on the traffic only as
it approaches the landing runway. There hve been proposals (5,6) for systems in which costraints
ar applied to improve aircraft predictability and to organise the traffic pattern mor tightly. Study
(7) unsts that the economic ponaltio are too great to justify the adoption of these techniques.

ATC GARISATIOW

So far, this paper has been concerned with the various tasks to be performed by an organisation referred
to as ATC. ?hs orga satio comprises a hihly orgazised team of people, and we nust now discuss the
way in which the control tasks are shared between tos members.

Controlled ar ose i rnmlly divided up Into 'ssetors". An "sn-rote* ootor is usually responsible
for the alway and associated upper air routes lying within specified geographical boomuarione as well

,. .m ,--a smm mmmmmmm m(''-.m-m~mmmmmm'nmm " :-
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as for traffic crossing these routes. "Terminal" sectors are responsible for traffic arriving at, or
deprting from, airports within the sector. Sectors are sometimes bounded in the vertical as well as

in the horizontal plane. A terminal sector ay, for example, be concerned with traffic below 15,000 ft,

whilst an en-route sector is responsible for the overflying traffic.

As seen by the pilot, a "sector" corresponds to a single RT channel. The service which ATC provides to

aircraft on this channel may, in fact, come from a small team of controllers headed by a "sector chief"

who is concerned with co-ordination with adjacent sectors as well as with overall supervision of events

in his own sector. In the London centre, for example, a typical en-route sector has four sector radar

controllers and perhaps two assistants. The sector team may also include a military controller who
handles, on a different communication network, military operational aircraft who may wish to cross the

civil routes. Division of tasks between radar controllers in a given sector is also often on a geograp-
hical basis.

Although the controller's equipment is usually standardised, the repertory of fixed telephone connections
and of RT channels to which the controllers in a given sector have access, is often tailored to the spec-

ific requirements of their sector. A controller who takes up work in a sector other than one with which
he is familar needs some little time to adapt to the different facilities and to local problems.

There are several limitations on the size of a control sector. There must, for example, be time for all
the RT traffic to share a single speech channel without risk of serious delay to urgent messages. There

are also limits to the length of an airway that can be sapped on a single radar display without a risk

of the picture becoming too confused when aircraft approach each other in plan position. Finally, and

most important, is the not-too-well-defined, but certainly finite, limit to the number of aircraft which
a controller can safely handle at one time.

The number of sectors needed to control traffic within the jurisdiction of a given control centre is

therefore determined by the upper limit on the traffic which a given sector can handle at peak time.
Since it must be possible for controllers to take breaks for meals etc., and since several teams of con-

trollers are needed to provide an ATC service for 24 hours of each day, it can easily happen that for

every controller whose services may be necessary at traffic peak, about ten controllers have to be empl-
oyed. For example, it has been stated (8) that the centre handling en-route traffic in Northern France

needs about 480 controllers in addition to 100 controllers for each of the terminal facilities at Orly
and Roissy.

Traffic into, out of, and overflying th Northern France control centre is about 700,000 movements per

year, an average of about 2000 aircraft per day, or 2.9 aircraft per controller per day. This result

is probably typical of ATC as a whole, and in this system a given controller may be working very hard
indeed.

The explanation for the above rather startliag result is obvious enough. Traffic is not uniformly

divided between the hours of the day or the days of the year, nor does traffic peak simultaneously in
all sectors. The organisation is such that a controller in a quiet sector can usually be of little help

to a hard-pressed colleague in another, and there is no way in which extra staff can rapidly be re-intro-

duced into the control system to take over part of the task.

At times of light traffic loading, it is sometimes possible to combine two adjacent sectors so that one
teem can handle them both. This is known as "bandboxing

e 
and is used to free controllers for training

and other activities, but even this limited reduction in the necessary scale of effort is not without its
problems.

The need to divide up the control tasks between a large number of controllers brings other difficulties
to ATC. Most controllers must keep a continuous listening watch on the RT, since en urgent problem may
arise at any time. If two controllers, listening to different RT channels, wish to discuss some mutual

problem, interruptions from the RT may make this very difficult. If each RT channel is occupied half
the time say, then there is only a 25% probability that, at a given instant, both controllers will be
free to speak or listen. For a long conversation, the chances are much less, and controllers often have
to use their eeistants to negotiate on their behalf.

Consider, however, 10 controllers who may be concerned with activities at a single airport, handling 50
movements per hour. A committee of ten members cannot meet to take a decision every 70 seconds. The
problem has to be solved by subdividing the control task and assigning certain regions of airspace,
flight levels or runways to the exclusive use of some subset of the total traffic. This division has

the effect of aggravating the consequences of the inevitable irregularity in the demand on the various
available facilities. If, at a time when a particular class of traffic was making a heavy demand on
a given route, say, it would be better if some of the traffic could make use of the airspace normally
allocated .to some other clams of user.

Consider a stream of aircraft viehing to ue a given facility, each arriving at a rando instant in
time. Suppose that each aircraft then ties up the facility for a fixed length of time; slightly less
than the mean interval between arrivals, here taken to be unity. The curve marked "kal" in Fig. 1

then shows the relative probability that the time gap between two successive arrivals falls within a
given small interval centred about the value of T plotted on the horisontal scale. Ideally, we would
like the aircraft to arrive at equally spaced intervals, so that the distribution would consist of a
single vertical spike at %Nt. Since our aircraft have each been assumed to tie up the facility for
a time less than unity, all aircraft could then be handled without delay.

As the gal curve shoews, sany pairs of customers are, in practice, closely spaced, which mano that they
must queue, whilst other pairs are widely spaced, which my result In an idle period.

It we had four such streams of customers, each requiring similar facilities and arriving at the sans
everage rate, each stream and Its facilities being sogregated from the others, then this result would
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IS apply to each stream. If, however, the four
streams could be regarded as a single flow of traf-
fic, and the four facilities were used in sequence

Dsty then the distribution of time intervals between
traffic reaching any one facility would be shown

o. I by the curve marked "k-4W. This is still not our0ideal vertical spike, but it is a much better
approximation to it. The mean delay, given this
"k-4" organisation, would be about a quarter of
that experienced with the segregated operation

K-4 corresponding to k-.
6

To repeat, the practical problem are formidable.Int.r-arrival Ifntevls Neither the controliers nor the pilots would be
obability Densit able to forecast far in advance exactly whet was

going happen, at least, not without a lot of ass-
e.4 istance from computer driven displays, automatic
0data links and so on.

0.2

Fig.1

0 2

ALTEUNATIVES TO ATC?

d In the present state of the World's economy, it is being argued, particularly in the UA, that more of
the responsibility for traffic management should be given to the aircrew, with a subsequent rundown of
the ground organisation (9). It is sometimes argued that TCAS could play a major part in this new
system. The present writs: feels that TCAS my make possible an appreciable reduction in mid-air coll-
isione between uncontrolled aircraft, but that it will not make possible any major reduction in the size
of the ground-based ATC orasnisation unless the traffic presently flying under air traffic control is
prepared to face a fall in safety standards.

A more plausible argument supports a system based on an electronic cockpit display which shows the air-
crew the position of a nearby traffic, together with a traffic plan devised on the ground by ATC.
The aircraft has the responsibility for implementing its part in this plan, whilst maintaining a safe
separation from other traffic. It may be argued that this scheme reduces the demand for ATC effort by
putting an extra crewman on the flightdeck, but at least it avoids the need for controllers to sit watch-
ing empty sky. It seems clear, however, that the changeover to such a system would necessarily be a
laborious process. Although it might prove, overall, to be a cheaper way of handling air carrier traffic,
It m st be remembered that there are other airspace users, hitherto neglected in the present paper. Nany

private fliers might find the necessary avionics more expensive than their airframe, and pilots of high-
performance military aircraft might well be too busy to undertake the necesary surveillance.

Even if we transfer to the flight deck some of the work of separating an aircraft from its immediate
neighbours, there is still a need, in areas of high traffic density, for this longer term planning. It
is necessary to determine the order in which aircraft are to use the runway, to share out the available
routes, flight levels, and so on. These tasks have to be carried out by some central, ground-based,
organisation. Regardless of any avionic developments, we still have the ATC system with its weaknesses.
The system is still likely to be ma-power intensive, because of the difficulty of matching the number
of ontrollers on duty to the traffic problem existing at a given instant. There also remains the
problem of co-ordinating the planning activity of a large team of controllers to obtain an efficient
overall solution. garlier reference was made to the difficulty experienced by controllers who wish to
discuss a problem with a colleague In the same control centra. If we are discussing long-term plans,
in particular, there is a need for co-ordination between adjacent control oentres, often across national
boundaries. Copenhagen, for example, has airspace contiguous with that controlled by eight other contres.
Only 11 miles up the approach path to Kastrup from the Mt is the boundary of Danish and NATO airspace.

The solution that is often put forward to both these problem is "automation"
.  

It is argued that comp-
uters can take over mamy of the tasks, presently carried out by lamans, with a saviag in man-pover. At
the sae tine, one can imagine a computer which holds in its database a picture of a large volume of air-
space and which can freely exchange data with its neighbours. Such a aschine should have the potential
to devise move amprehomive, and presumably, therefore, mr efficient solutions to traffic congestion
problems. A lot of experimental work, using simulated air traffic, seem to support these arguments.

The real difficulty with "automatio" in ATC is the high standard of safety that is demanded. It is
necessary to have a ystem that can solve problem that may be arising for the first time. With careful
engineering, cue ight be able to dewlee an automatic system which can solve a mber of standard prob-
lem. The difficulty In to provide a sfe mechanism that can recogoose a non-standard oblm that
cannot safely be left for to softwere.

*The only emiam available for Is task is ts hmn olatroller. Re must have am Interesting ad
rewarding task in the ATO oreaisat o, me Oat eamure that be Is alert and ftailiar with the traffic

- I I il i ,, -,' , . . .....
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situation. He must also have a clear understanding of the behaviour of his automated system, and a
means of over-riding machine decisions when these are based on an inadequate picture of the situation.
The "human factor" problems are formidable.

It should be noted, however, that the level of reliability required will decrease as the time-horizon
increases. An error in the earlier planning stages should leave time to find an alternative solution
that is safe if not very efficient. Clearly, we can run a bigger risk of a moderate financial penalty
than we could tolerate when there is a serious risk to human lives.

To sum up, the management and control of air traffic is a subtle and complex task which relies at present
almost entirely on the skills of the individuals who are directly involved in the movement of the traffic.
This system has its drawbacks and it seems likely that, with the growth of computer technology, "auto-
mation" will take over some, at least, of the tasks presently performed by human controllers. This
process of "automation" will probably continue to be implemented with considerable caution. Man has an
ability to invent solutions to unexpected problems that the latest, largest and fastest computers cannot
begin to emulate.
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SUAMM~

The Zone of Con vezeace IZOC) concept 4 ptopoed a4 an e r4-eatiai 4hont-teae AUA Taffic ContAol
cont4wbut.Lon to the economnLc4 of AtA T4an4pot. It t4 e4,tabi. Aed that, ,,Ae con4ideig te44c inbound to
a medium -to hAh-denAi4 tenfnunai, tYh£ appwach coutd neduce tuei con.zption bW -oMe ten to tAtW
peAcent, thA4 value bein ze en',ed to the tota. fueL butnn in an extended aeea including and 4ut4oundin a
main te4minaJ and extending ove, dome 100, .deat4 300, nautica1 ,~eil. The zse-ection of pe .o4e ta.oed
to the opeawto.4' cnte,.a, ahethen con4tnained by ALA Talfc Contwi on not, L4 dccu ed in dome detai.
The capatb.Ji4 of the technique4 popo-ed with on-Line opeatLon i fpound to be 4.titacto/u . TAIA
conCiwU o ,teyzit4 ptnom te4t4 conducted u~.ing ATC .irilation pfacil.t.ez, a4iine4' t4ht 4iimutatou- and
on-line excenci4ed .invo~lving nequ~ian jcheded p!ightd.

1. INTRODUCTION

1.1 Present status

Today, when inbound aircraft are handed over to approach control they are already relatively close
to the assembly points, that is to say, at some twenty to forty nautical miles from the runway. Scheduling,
possibly sequencing, whenever computer-assisted or conducted manually, is then started in a manner
practically independent of the upstream conditions. Of course, such a procedure nevertheless allows use to
be made of the maximum runway capacity available, but in high-density ai: traffic terminals this scheduling
can only be achievee at high cost through path stretching and/or holding at relatively low altitude.

1.2 Proposed ATC approachI'I
Techniques compatible with real time and on-line operat ns are currently available to provide Air

Traffic Control with accurate estimates of time, consumption and cost of transit for any aircraft requested I
to follow a particular control pattern between two given positions. Based on such techniques, a global

approach is proposed, integrating en-route, approach and landing phases of inbound flights. At all times,
expedition of traffic is ensured in the most economic manner, safety being considered as a prime
constraint. To this effect, adequate use is made oi the available on-board equipment, operational
capabilities of the aircraft and the potential of tools available for conducting on-line the prediction,
control and economy assessment of flight profiles.

The traffic is controlled over a large area including and surrounding at least a main terminal and
extending over some 100 to 300 nautical miles. The relevant area is referred to as a Zone of Convergence
(ZOC). No assumption is required regarding the incoming traffic, except that it is, as usual, free of
conflicts when arriving in the zone, that is to say when the transfer of control occurs.

Two illustrative configurations of a Zone of Convergence will be presented in the course of this
paper. For ease of reference, the zone used for exposing the concept to real time operation in an actual
ATC environment is shown schematically in Figure 1 (Refs. 1 and 2). The area covers the whole of Belgium
and includes Brussels-National Airport, representative of a European medium-density traffic terminal.

1.3 Inherent potential

The developments undertaken within the Zone of Convergence concept provide an adequate framework to
realiie the following particular inherent objectives

(a) Appreciable increase in safety;
(b) Reduction of controller workload;
(c) Maximum use of available ATC capacity, particularly at the runway;
(d) Minimum flight operating cost for the overall traffic in the zone, and as a consequence
(e) Consumption of fuel in line with operators' requirements;
(f) No Individual penalty resulting from the use of a particular type of aircraft.

The investigations conducted to date and summarised in this presentation indicate, in particular,
that such objectives could be achieved through the use of trajeccory control, possibly complemented by some
sequencing limited to alterations of one, or occasionally two, positions in the "First Come, First Served
at the Runway" landing sequence.
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1.4 General contents

In this paper, the following aspects will be covered, each section reflecting part of the activities

conducted and results obtained to date.

The selection of aircraft trajectories to meet a particular criterion when free to operate or
constrained by Air Traffic Control will be discussed in Section 2. The essential criteria considered aim at
minimising the consumption or the direct operating costs of flights as seen by the operators, which results
in use of the maximum runway capacity available.

Section 3 presents and analyses techniques suitable for the control of the time of arrival at the
runway and the absorption of delays at or preferably before the assembly points. These are compared
particularly in terms of ATC penalties imposed as a result of the traffic situation at the arrival airport.

Several estimates have been given by various national (Ref. 1) and international Administrations
(Refs. 2 and 3) for the excess fuel consumption resulting from the use of non-optimal trajectories between
two airports. What is the significance of the Zone of Convergence concept in terms of potential benefits as
expressed in quantities of aviation fuel or operating costs ? Section 4 indicates how nugatory consumption
can actually be measured in extended terminal areas.

The analysis of the situation observed in present medium- to high-density traffic terminals, then,
suggests a restructuring of the control and airspace in line with the Zone of Convergence concept as
described in Section 5.

Section 6 outlines some of the specific ground-air coordination aspects. It shows, in particular,
how the essential liaison between the ground-based control and the onboard control components can be
defined to transfer, acknowledge and confirm the computer-generated directives needed to ensure the
control of the trajectory of the aircraft in terms of the time window available at the landing end.

At this time, only limited real time and on-line experiments have been run. Their essential purpose
was to test the compatibility of the prediction and control methods developed with on-line operation. The
experimentation included, besides simulation exercises, actual control of regular scheduled flights
operated to or from Brussels, the other end being London, Birmingham or Zurich. A summary of the relevant
results is presented at the end of Section 6.

The essential conclusions and recommendations are listed in Section 7. They cover the results of the
investigations and experiments conducted to date, as well as recommendations pertaining to the continuation
of the programme of development required before they can actually be implemented in operational centers.

The list of references presented in Section 8 is far from being exhaustive. It essentially relates
to work conducted in this particular field by the General Directorate of the EUROCONTROL Agency in
association with institutions of the Member States of the European Organisation for the Safety of Air
Navigation. Additional bibliography is included in the reports and articles cited.

II

.......

...- 4........... . . .

Configuration used in a real-time ATC simulation

Figure 1
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2. ANALYSIS OF INTEGRATED CRUISE/DESCENT PHASES

2.1 Trajectory and consumption data

In the zone of convergence concept a flight is normally composed of the cruise or part of it, and
descent phases. If a change of cruise level is necessary, it will generally correspond to a descent.
Accordingly, it appears helpful to introduce in a convenient manner cruise and descent data suitable for
determining the time and the consumption required for the transit into the zone along a segment
configuration such as suggested in Figure 2. The method chosen (PARZOC) makes use of aircraft trajectory
and consumption information presented in a parabolic form. It appears quite suitable for use in the zone of
convergence context (Refs. 7 and 8). Furthermore, the experiments conducted to date and subsequently
discussed briefly have shown the compatibility with real time and on-line operation (Refs. 9 and 10).

altitude

entry

l l preferential descent
\\\ .speed law

\ 'k \ acceptable speed

ltransitionf
( distance R, distance available tor speed control descentd

I I

5-10nm 110-20rme
L, total length of the route

Schematic inbound flight configuration

Figure 2

The analysis which follows is made by using the aircraft performance data presented in the PARZOC
form as given in Reference 7 for five typical families of aircraft (Table 1). A more detailed form and an
extended contents is presented in Reference 8 for eleven types of aircraft ranging from a light-weight
short-haul aircraft similar to the Fokker F-27, to wide-bodied long-range aircraft such as the McDonnell
Douglas DC-l0 and Boeing B-747.

2.2 Transit fuel versus time relationship

In the zone of convergence concept, the transit speed profile is characterised by two components,
one for the cruise (subscript "cr") and one for the descent (subscript "de"). Between the entry point and
the assembly point, the time of transit and the amount of fuel consumed depend on the pair of speed
profiles selected. The relationship between consumption and time for a given flight is illustrated in
Figure 3(a) for a aircraft of the McDonnell Douglas DC-10 family (Aircraft 3A) : this diagram is based on
data published previouslsy (Ref. 7).

2.3 Time of arrival control range and its impact on fuel consumption

Obviously, the possible spread or possible control of the transit time depends on the range of
cruise and descent speeds that are acceptable from the operational viewpoint. In Figure 3(a) the extreme
range is used, namely from 220 kt to 340 kt CAB for both cruise and descent. For a cruise phase at FL 300,
these values correspond to Mach number values equal to 0.59 and 0.88 respectively. This range makes it
possible to illustrate the effect of speed limitations. Indeed, if for any reason the acceptable speed
range is reduced, the range of control available for the transit time is reduced accordingly. Figure 3(a)
contains sufficient information to show how this control range varies with the speed interval considered.

The minimum and maximum transit times correspond to the combinations of minimum and maximum speeds.
These points are designated el and e2 respectively. If the minimum transit fuel, designated at, is used as
a reference, the range of control for the transit time is made up of the two intervals located to the left
(acceleration) and to the right (deceleration) of the minimum fuel transit point (mf). The variations in
fuel consumption by reference to mf usually reach their maximum values at one of the speed interval
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boundaries, most often when both cruise and descent speeds are at their extreme values. For the domains
considered in Figure 3(b), the values obtained are summarised in Table 2. This table illustrates the range
within which the time of arrival can be controlled, for three speed ranges, together with the associated
variations in consumption.

A I RC RAFT DESCRIPTION REPRESENTATIVE

1A Short-haul F-28
Twin-turbofan
24 tons I.w.

2A Short-haul B-737
Twin-turbofan
40 tons I.w.

2B Short/medlum-haul HS-Tri 3
Tri-turbolfan
55 tons I.w.

3A Wide-body DC-10
Long range
Tri-turbofan
160 tons I. w.

31 Wide-mdy B -747
Long range
Quadri-turbofan

I240 tons 1.w.

Illustrative selected sample of aircraft

Table 1

If a particular speed range is considered, for instance limited to 20 kt around the minimum fuel
point for both cruise and descent, the control range and consumption variations are those given in the same
table in Domain 4. In this particular example, the control of the direct-transit time extends from two
minutes before the minimum fuel time (possible acceleration) to two and a half minutes after that time
(possible deceleration); the resulting fuel penalties are roughly the same at both ends, namely some 36 kg.

In general, the minimum fuel required to transit from entry at cruise level to 5,000 ft and the fuel
associated with the operational fastest transit define the practical range of consumption for direct
flight. This is illustrated in Figure 4(a) and (b) for aircraft representatives of the Boeing B-737 (2A)
and B-747 (3B) families respectively.

2.4 Minimum fuel under time constraint

If the aim is to consume a minimum quantity of fuel, the profile to be used should correspond to
point mf. The cruise and descent speeds defining point mf constitute the absolute "preferential profile",
independent of the extent of the cruise/descent flight segment. Accordirgly this fixes the preferential
transit time and, consequently, the arrival time at the assembly point.

In view of the other traffic also present in the system, Air Traffic Control may advise arrival at
the assembly point at a time other than tmf. If the corresponding transit time is within the operational
interval (el, ee), speed profile control will be sufficient to ensure that the aircraft arrives at the
requested time. In general, there will be an infinite number of cruise-descent CAS combinations to meet
that time-constraint but only one combination will correspond to a minimum consumption. This profile is
obtained at the intersection of the envelope designated [(g(t)1 sin on the diagrems, see for instance Figures
3(a) and 5(a), with the particular value of the transit time required.

l I I ~ m I I I I -tII



11I-5

27M
R-ZONE 200 W4 --

SRUELK, FL 300 M in

27 - V
A 3 i IEM TI 2 m I ,C N

Zone

2301

Fueliveu timel r elnpo gien ranges oFcuie andeent speld profile a

Lover)(kg li smit (i a(kppe limi ) R ane

22M

100 14.1 416 I1 2.5 19.9 369 4 1.2 5.9

150 21.0 715 14 i .9 28.2 642 6 0.9 7.2

200 27.9 10.4 16 3 ..5 36.4 9125 6 0.6 8.6

250 34.7 1312 16 1.2 44.6 1188 6 0.5 9.9

300 41.6 1611 17 I.I 52.9 1462 5 0.4 11.3

350 48.5 1909 I8 0.9 61.1 1735 5 0.3 12.7

400 55.4 2208 18 0.8 69.4 2008 5 0.3 14.0

Effect of zone extent on the control of time of transit
(light-weight short-haul aircraft. cruise altitude 25,000 ft)

Table 2

Accordingly, where economy or fuel conalption is the transit criterion, it i clear that the only

cruise-descent profiles to be considered are those associated with the envelope in the fuel-time diagam.
For clarity, we have reproduced from Figure 3(a) to Figue 5(a) the fuel versus time relationship for a aet
of particular profiles. These include minimum and maximm cruise and deacent speeds, the minimm minimoram
fuel transit, and the minimue fuel transit when the transit time is imposed by the AC authority.

Obviously, the envelope determines the miniu) fuel procedure but in the operationally acceptable

speed range only. In the diagram, this range falls between points el and a2 where one of the speed
components reaches the corresponding maxiuwi value (or possibly minimwi value). In Figure 5(a) for
instance, at al the descent speed reaches the meximue acceptable value, while at a2 the descent speed i at
its sinimue, This implies that in the came illustrated in Figures 3(e) and B(s) for transit timesassociated with .1 and el and .2 and .2, the minimum transit fuel procedure will impose maxiaum and minimu

descent speed respectively. The cruise CM8 results from the intersection of the relevant extrams descent-
CAB with the value of the requested transit time.

150 21.0 71 14 1i 28.2 64 6ll 0.9I 7.2B
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2.5.1. Descent at high or maximum speed

During our investigations, it was observed that for some aircraft it was current practice to descend

at rather high speeds. For example, when operating a DC-10 today, the general recommended descent speed is

320 kt-CAS, the maximum CAS being 340 kt. It is clear that for this particular aircraft the maximum descent
CAS constitutes the minimum fuel profile if the transit time is to the left of al (See Figures 3(a) and
5(a)). In terms of consumption, the maximum descent CAB then departs progressively from the minimum fuel
profile, as the cruise speed decreases, to reach a maximum deviation at point c. Accordingly, a high

descent speed or the maximum descent speed can be justified in terms of consumption, only if the cruise

phase is also performed at very high speed as is clearly shown in Figures 3(a) and 5(a); in other words

when the transit time is relatively short, that is to say near al.

When compared with the smooth transition profile (See Figure 5(a)); descent at high speed is

advantageous only where the transit time is less than that at point g; where the smooth transition curve

intersects with the maximum descent speed curve. This is obvious but does not affect the general

conclusions regarding the quality of the approximation resulting from the use of the smooth cruise-to-
descent transition profile instead of the minimum fuel profile.

2.5.2. Possible amendment for aircraft operated economicall__ath2ih descent speeds.

At first eight the observations made in the previous paragraph may appear different for aircraft

such as type 2B (Hawker Siddeley Trident 3B), which exhibit a fuel-time relationship as illustrated in
Figure 5(b). In this figure, in addition to the following specific profiles

(a) minimum and maximum cruise speeds;
(b) minimum and maximum descent speeds;
(c) minimum fuel (time-constrained);
(d) smooth cruise-to-descent transition;

the profile defined by (CAS)de = (CAS)cr + A CAS (i)

has been drawn for cruise-to-descent differences of 10, 20, 30 and 40 knots. In this case, disregarding the
energy required to create the variation in momentum, the maximum discrepancy between the minimum fuel
profile and the smooth cruise-to-descent transition is of the order of 40 kg, that is to say some 3.8 % of
the fuel required for the transit. In fact, these figures should be corrected since it became apparent that
the theoretical maximum speed indicated here would not be used in practice, the usual descent speed being
limited to 320 kt. This decreases the discrepancy observed from 3.8 to about 1 %

Even so, in cases where maximum descent speed would be recommended, it would be appropriate to
change the smooth cruise-to-descent transition profile to the profile defined by the above simple
relationship. The magnitude of the acceleration would then possibly be adapted t, the transit time

required. If such a technique were to be used, profile definition would remain extremely simple, while the
difference in consumption as compared with the minimum fuel profile would remain negligible, as the iso-
acceleration profile curves indicate.

Another method of achieving the same effect as that resulting from relationship (1) is to specify
the cruise and deocent speeds in terms of a Mach/CAS profile. When considering a cruise level of 25,000 ft,
a directive like cr = de = 0.70/340 would result in a 300 kt CAS cruise speed and a speed of 340 kt CAB

during the major part of the descent.

However, at this stage of our investigation and principally for the reasons already mentioned, it is
probably sufficient to limit the families of profiles considered to the smooth cruise-to-descent transition,
i.e. the profile for which A CAS 0.

lI. I.
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Cruise and descent components for typical inbound speed profiles
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2.6 Cruise and descent speed components.

In terms of ground-based control, the zone of convergence concept integrates both phases, namely (a)
the final part of the cruise or even the entire cruise and (b) the descent phase.

Consequently, whatever the criterion used for the definition of the transit sped profile or transit
law, (e.g. minimum transit fuel consumption, smooth cruise-to-descent speed transition, constant CAS
descent, etc.) it will necessarily be made up of two components : one associated with the cruise phase and
the other with the descent phase. In the case of the smooth cruise-to-descent speed transition, these two
components are by definition identical.

Once the criterion has been defined for transit through a given zone of convergence, the following
ensues :

(a) the limits of the corresponding transit time range are determined;
(b) within this transit time range there is one, and only one, possible pair of speed profiles, i.e.

one profile for the cruise and one for the descent, that can achieve a particular transit time.

In Figures 6.(a) and (b) the cruise and descent components of the transit speed profile are shown for
typical transit conditions.

For ease of reference, Figures 6(a) and (b), which give the cruise and descent speed law components,
have been associated with Figures 5(a) and (b) respectively, showing the transit fuel consumption for the
same transit speed laws.

£E(N R/C ZR CHO T]

I7FL 20

- -- :- /4-.

ui~ i

Cost surface versus cruise/descent speed Coat versus time for various cost ratiom

Figure 7 Figure 8

Such pairs of diagrams clearly illustrate the control of individual aircraft in the context of the
zone of convergence concept. As already implied when discusing the fuel-time relationship, where the
transit time is constrained by Air Traffic Control, the only transit speed law to be considered is
obviously the minimum fuel consumption transit or its practical approximation, namely the smooth cruise-to-
descent speed transition law. Under the given condition of constrained transit time the minimum fuel speed
law at the same time results in the minimum cost transit. The iso-extreme descent or cruise transit laws
are given as convenient references :in addition, in moat cases these constitute parts of the boundaries of
the transit fuel-time domain.

2.7. Equivalent flight coat

* 2.7.1 Direct operating coat

* The direct cost of a flight (C) is essentially made up of two components, one corresponding to the
total consumption of fuel required (z), the other increasing with the flight duration (t). If an average
coat per unit of time of transit is defined and noted "p"' and if "f" represents the cot of one unit of mss
of fuel, the coat of the transit considered can be expressed in the linear form

C = s.f.+ t.p

The quantity p is an economy characteristic of the airc.raft, reflecting to some extent the
financial philososphy of the operating airline. For air traffic control purposes, it is convenient to
average p over the range of arlines and to introduce an equivalent transit coat in ne of the forms

Ct= .. 9.t or Cf = s t/9 with - f/p

where the quantity 9 referred to mal the coat factor, is the ratio of the unit-fuel-coot to the

unit-flight-time-coa t.

R-O ISKN
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2.7.2. Transit cost versus time relationship

Once a pair of cruise and descent speed components is defined, the time and consumption for the
transit are determined. Accordingly, the cost of the transit is also known. The relationship between the
cost and time of transit is similar to the consumption versus time relationship illustrated in Figures
3(a), 5(a) and (b).

Using the equivalent cost Ct, the transit cost versus time relatonship appears as illustrated in
Figure 7. This diagram corresponds to a short-haul aircraft of the Boeing B-737 family and a cost ratio f/p
ranging from 0 to 1.00 min/kg. The present cost ratio for such an aircraft lies in the range 0.05 to 0.10
min/kg. A cost factor approaching infinity would correspond to an operating cost made up almost entirely
(about 97 %) of the fuel component while the present situation shares, in average, practically equally the
operating cost between time and consumption components.

The transit cost surface versus cruise and descent speeds is given in Figure 8. The lines marked "e"
on the surface and "e'" in the speed plane correspond to the transit at minimum cost.

Expressing the transit cost in terms of mass of fuel and considering only the pairs of speed
components of practical interest, the cost-time relationship appears as shown in Figures 9(a) and 10(a) for
a short-haul, medium-weight aircraft (2A) and for a long-ranse wide-bodied aircraft (3B) respectively. The
corresponding fuel-time relationships are also shown, while the associated cruise and descent components
are given in Figures 9(b) and 10(b). Furthermore, the diagrams raise a few points which will be discussed
in the next paragraphs.
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2.8 Selection of transit cruise/d@&c*nt aedeannn_

m-- The selection of an optimum cruise/descent profile (either minimam fuel or minimum cost for- the~transit) was discussed In Reference 13. Some of the conclusions reached are summarisd hereafter (see

Figuree 11)

(a) The optimum profile is composed of two basic speed profile components, wne for the cr'uise, the
~other for the descent;

(b) Since theme two profiles are geneally1 distinct, they Imply a transition (aceleration or
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deceleration) phase between cruise and descent;
(c) The minimum (minimorum) consumption profile is independent of the extent of the cruise-descent

segment;
(d) For minimum cost operation, this profile depends on the unit-fuel-cost to unit-flight-time-cost

ratio only;
(e) Where a flight is time-constrained, ror instance by Air Traffic Control as a result of the traffic

situation, the minimum fuel and minimum cost profiles coincide;
(f) The introduction of the smooth cruise-to-descent speed transition law (Ref. 12 and Section 2.5)

constitutes a practical implementation of the minimum cost/fuel transit speed profiles.
(g) Further, the possibility of a constraint on one of the two speed components cannot be discarded.

These general conclusions will now be discussed in more detail.

OPTIMUM CR / DE PROFILES

Min Cost " (Vcr , Vde)

Min Fuel : (Vcr ,Vde )

Min Cost at vcr : de

Min Cost at Vde: Vcr

Min Fuel at Vcr Vde

Min Fuel at Vde Vcr

Min Cost/ Fuel at t ! : (vcr ,Vde)

Quasi min C/F at t ! : (Vcr ,Vde=Vcr)

Transit criteria/constraints and selection of cruise/descent speed components

Figure 12

The cruise-descent speed profile corresponding to any combination of the transit criters and

constraints (see summary in Figure 12) is readily determined, especially when the aircraft performance

information is available in the PARZOC form (Refs. 8 and 13). Based on the data presented tn Reference 7,

the selection of flight conditions was discussed in References 14 and 15, in which consumption and cost,

respectively, were used as basic criteria. The range of aircraft considered (see Table 1) extends from a

light-weight short-haul aircraft similar to the Fokker F-28 to wide-bodied long-range aircraft

representative of the McDonnell Douglas DC-10 and Boeing B-747 aircraft. Further to the general conclusions

already mentioned, the discussions lead to the following remarks

(a) For a given aircraft cruising at a particular altitude, the minimum minimorum cost profile depends

only on the fuel-to-time cost ratio f/p.

(b) Both cruise and descent speed components decrease when this ratio increases.

(c) The rate at which the speeds decrease when this ratio increases varies considerably from one

aircraft type to another as does the range of possible speed variation corresponding to a given f/p-
interval.

Figure 11 is a typical illustration of an avere1e medium-weight short-to-medium-haul aircraft

(similar to the Boeing B-737, at 40 tons landing-weight). The fuel-to-time cost ratio, f/p expressed in

minutes of flight per kilogram of fuel, ranges from 0.02 to infinity. The locus of minimum minimorum cost

cruise/descent speed combinations as a function of the f/p ratio corresponds to the curve (afa.at). The

diagonal corresponds to the smooth cruise-to-descent transition.

The descent speed component miniaising the transit cost (or transit fuel) when the cruise speed is

fixed, is unique. In contrast, there may be two acceptable cruise components minimizing the transit cost
(or tranest consumption) when the descent speed is constrained. At the limit, when the fuel-to-time cost

ratio (f/p) approaches infinity, the minimum cost and minimum fuel cruise/descent speed profiles coincide.

The locus of cruise and descent components which minimize the cost and/or fuel for a given time of
transit corresponds to the envelope of the cost- (or fuel-) time relationship (Figure 11). Accordingly, in

that came within the alloble direct transit time range, there is a single pair of cruise and deecent
speed components which minimises simultaneously the transit cost and consumption. Further, in the (cruies
CA, deecent CAS)-plane, the loci of pairs of oruise-deacent comonents for dnimum ainimorum transit cost
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and minimum cost at imposed transit time coincide, of course, in the common speed range (see Fig.ll, an-at).

Additionaly, it should be noted that the cruise and/or descent components corresponding to minimum

cost (or fuel) and unconstrained by the time of transit, are independent of the zone extent. The same
applies to the pairs of cruise and descent speed components defining the locus of the cost- (or fuel-)

versus time relationship. Of course, when using the smooth cruise-to-descent speed transition procedure,

flight distance still has a slight effect on the common cruise/descent speed for minimum cost or

consumption transit.

2.9. Influence of flight conditions

2.9.1. Influence of the extent of the control zone

It has already been shown how the extent of the segment affected both the transit time control range

and the related consumption for direct flights (Fig. 4(a) and (b)). This is now presented for the entire

allowable speed range in Figures 13(a) and (b), for a light-weight short-haul aircraft and a wide-bodied

long-range aircraft, respectively. The detailed effect of the extent of the zone on the fuel consumption

versus time of transit and on the selection of speed components when the transit is time-constrained, is

presented in Figures 14 and 15 for a medium-weight short-to-medium-haul aircraft. Figure 14 gives the

consumption versus time of transit for two families of speed profiles, namely minimum consumption (A and D)
and smooth cruise-to-descent transition (B), for flight distances ranging from 100 to 300 nm, the cruising

altitude being taken to be equal to 25,000 ft. Interval "A" pertains to the true envelope while "D"
corresponds to the maximum acceptable descent speed.
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The effect on the selection of cruise and descent speed components is clearly shown in Figure 15.
The speed profiles corresponding to the minimum minimorum for both cost and consumption are independent of
the extent of the zone as already indicated.

To take a particular transit, designated "p" on the diagram, for a zone extent of 100 nm, the
corresponding cruise and descent components of the minimum fuel transit law are 295 and 267, kt
respectively, while the common value for the smooth cruise-to-descent speed transition is an intermediate
value of about 284 kt. The family of minimum fuel transits characterised by the same relative position on
the fuel-time diagram, namely by the same cruise and descent components, are approximated by a family of
smooth cruise-to-descent profiles (p) characterleed by a common value for both cruise and descent speed
phases.

As the zone extent increases, the cruise component has an increasing greater impact on the transit
time. The result of this Is that, in the particular example presented in Figure 15, the (ps) speed tends to
decrease and approach (12) as the extent of the zone increases. Similarly, for transit times greater than

t(12), (ps)-speed increases to approach U2). Since i2 corresponds to a coincidence of minimum fuel and
smooth cruise-to-descent profiles, It in expected that the relative difference between the two profiles for
similar transit times will decrease as the zone extent increases.

This is Illustrated quantitatively in Table 3 in the case of a light-weight short-haul aircraft for
which both limits I and a2 are within the operational range. The aircraft enter@ at FL 250, the flight
distance ranging from 100 nm to 400 m in steps of WO nautical miles.

The table gives the time and consumption coresponding to transit points I and a2, together with
the extra fuel required to Implement the smooth cruise-to-descent speed transition law. This difference
although increasing in absolute term In proportion to the sone extent (from 11 to 18 kg for transit at



11-14

2000-

FUEL KS R/C 2R C'-13 T 3

R I H1
. FL 2&0

11/

Soo - -2

," //300

7 9 0 .. " L.' .

S-S"
, -l

,," .."--- _,I.

/4 ,t /I - d s

-1 ER-ZnNENMJ

TIMEiMIN
2 i0 . , g * * ' s .*: o o : s20 2 30 -0 O so

Influence of cruise/descent flight extent on the miniIum-consumption versus time-of-transit relationship

Figure 14

3SO2
-CRS, .KT

0,1 I---------- ------- -/C 2R -I D T'3

32S., I FL 2SO
au 11___ I I

; '7 -' - - - ( _ _I - r-,

3P6) cr or

27S.

2&0 (q)I

i R-ZONENM:' 100 ISO 200 2:030

+ -- - i I I i i i - - --

'I 0
200 I0 

S10 Ir

RZONENM:~Fgur 10 5 0820:8



11-15

time al and from 4 to 5 kg for transit at time a2), decreases appreciably in percentage terms (from 2.5 to
0.8 % at time al and from 1.2 to 0.3 % at time a2).

For a given transit time (within the operational time-of-arrival control range), the calibrated
airspeed defining the smooth transition law is intermediate to the cruise and descent components of the
minimum fuel transit, which in some cases may differ appreciably. This is clearly shown in Figure 15, where
the difference between cruise and descent CAS reaches 40 knots.

Table 3 gives an indication of the respective values of the speeds characterising the two transit
procedures for the case of an aircraft 2A similar to the Boeing B-737 entering at FL 250. For each zone
extent, the speed components are given for both limits (al and a2) of the envelope.

From the point of view of speed profile definition, the smooth cruise-to-descent speed transition
law is certainly advantageous. Indeed, both cruise and descent phases are characterised by the same speed
profile (Mach number/calibrated airspeed) limited, in this paper, to the calibrated airspeed.

Zone extent (am) 100 150 200 250 300 350 400

Cruise, Descent CAS (kt)

for ts - ta1 321 315 313 311 310 309 308

for t - t 2 229 235 239 241 242 243 244

Fligh" configuration

kircraft :medium-weight, short-haul (2A)

Cruise altitude 25,OOft

Lower limit (at) Cruise CAS : 304 kt; Descent CAS : 340 kt

Upper limit (a2) Cruise CAS : 251 kt; Descent CAS : 220 kt

Effect of ZOC extent on smooth transition speed components

Table 3

2.9.2. _ff2.gt_of_gruseltitud~e

292 t of the analyses made so far and the results presented have related to a particular cruise

altitude typical of the operation of the aircraft in question. This section summarises the influence of
altitude on the fuel versus time relationship and on the comparison between the smooth cruise-to-descent
speed law and the "minimum fuel" transit law.

The effect on the consumption versus time relationship is shown in Figure 13 for two radically
different aircraft, one similar to the Fokker Fellowship F-28, the other representing the wide-bodied
Bceing B-747 category.

An increase in cruise altitude will normally decrease the transit consumption, the cruise and
descent speed components being adjusted accordingly. This property of the absolute minimum transit
consumption remains valid for both the minimum fuel when time constrained and the smooth cruise-to-descent
qneed transit laws. Nevertheless, the effect may be different from one transit law to another. In Figure 16
this effect is illustrated for a wide-bodied aircraft of the McDonnell Douglas DC-l0 family over a segment
of 150 rm. The three altitudes considered range from 25,000 to 35,000 ft in steps of 5,000 ft. Figure 16
shows the influence of altitude on transit consumption, while Figure 17 illustrates the shift in speed for
both the minimum fuel transit and the smooth cruise-to-descent transition laws.

From these results, it would seem that altitude has little effect on the comparison between minimum
fuel and smooth cruise-to-descent transition profilen. The difference is slighter when the cruise is
conducted at a lower, altitude, that is to say in a region where the consumption is higher. At higher
altitude, the discrepancy between the two transit laws tends to increase, particularly in the fast transit
area, to reach a maximum value of the order of five par cent at maximum descent speed. In absolute terms,
this maximum discrepancy is of the order of 60 kg. It will be seen that this mount constitutes the upper
bound for the differences observed in all the configurations (aircraft, altitude, speed) considered.
However, when the smooth cruise-to-descent transit speed profile is defined in terms of the usual
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combination of Nach/CAS values, rather than CAS only as i~t was the case in the example given above, the
discrepancy observed at high altitudes and speeds will be reduced to the same level as is obtained for
lower cruise levels.

To assesa the influence of altitude in a variety of practical cases, the five aircraft listed in
Table 1 were then operated over a 150-nm segment at three different altitudes, namely the average cruise
altitude considered previously and two additional levels located 5,000 ft below and 5.000 ft above. This
comparison is made throughout the acceptable operational speed range for the three cruise altitudes
selected.

2250
CR5-crF EL K S R/C 3R IEs T A/C A ISO T I

2185 R-ZONE 10 I AB -ZDE 05 J NH

Iwo 20 32 FL

214

2040

I 295

TIMEMrN TIME.MINi Bs 20 2 24 25 2B 30 32 200I 1 a 2 22 24 215 2 -a 3 3

Effect of altitude on minimum consumption Effect of altitude on speed selection

Figure 16 Figure 17

In general, it can be stated that within the cruise altitude band considered, mainly 20,000 to
30,000 ft for aircraft 1A, 2A and 2B and 25,000 to 35,000 ft for aircraft 3A and 3B, the cruise altitude
only slightly affects the result of the comparison between the minimum fuel and smooth cruise-to-descent
speed transition laws.

3. CONTROL OF TIME OF ARRIVAL

In today's operationsequencing,i.e. the allocation of landing time-slots, usually results from an
organisation process conducted mentally with of without computer assistance. The main criterion, after safe

a conduct of the flights, is the maximum use of the runway capacity available. in the Zone of Convergence
concept, the organisation consists of an automatic optimisation with a view to meeting specific objectives I
such as minimum total consumption or cost for the whole of the traffic considered.

F..1 - ..... i.

C --h 0 FIL MI -FL.

.A

(a) (b)

Comparison of cruise/descent profile control with current practice

Figure 18

For individual aircraft, this results in the allocation of a specific transit time from the entry
into the zone to touch-down. In general, when a flight is inbound to a congested terminal area, this
transit time will differ from the preferential one, with time requiring to be either gained or lost.

3.1. Control of transit time

A transit time shorter than the nominal one can be achieved by acceleration from the nominal transit
speed. The maximum time wich can be gained is limited by the maximum allowable operational speed of the
aircraft. If the arrival of the aircraft is delayed b- Air Traffic Control the excess time can be spent in
various ways

ri
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(a) diversion at cruise level;
(b) holding at cruise level;
(c) path-stretching at low altitude;
(d) holding at low altitude, e.g. FL 50;
(e) speed profile control.

When the transit time is being controlled through cruise/descent speed profile control, the maximum
delay that can be accommodated in this way in a given zone extent is limited by the slowest allowable
operational speed of the aircraft. If more time should be lost than this maximum, the remaining time must
be consumed through application of one of the other methods.

3.2. Fuel consumption and transit time

As discussed in the previous section, the fuel consumed in the zone by a given aircraft will vary
with the time of transit. In particular, using the preferential profile as a reference, fuel consumption
will depend on the deviation (advance or delay) from the preferential transit time as imposed by Air
Traffic Control. This is illustrated in Figures 18(a) for an aircraft of the Boeing B-737 family and (b)
for an aircraft of the class 3B (similar to a Boeing B-747 type) for a flight distance of 200 am. The
diagrams show the fuel consumption associated with four of the techniques mentioned above. Although
currently applied, path-stretching at low altitude has not been explicitly considered in view of its high
cost.

When the excess time is spent using diversion enroute or holding techniques, whether at high or low
altitude, the total amount of fuel required for the transit increases linearly with excess time. The rate
of increase depends on the altitude and on the speed at which the excess time is spent.

FUEL
SAVED Distance t

to tw t down
FUEL Distance to

SAVED touch - down
250. kg DOa

120

- - - - - - - - - - - - - ------

----- ---- mooR

Sngoo,

Ey 2Entry FL 0

---- tEntry FL F 0

DELAY TIE TIE

(a) (b)

Benefits resulting from the use of cruise/descent profile control as against holding at cruise altitude

Figure 19

The nominal preferential speed profile associated with minimum cost is at present usually faster
than the minimum minimorum fuel transit speed. As a result, delays imposed by Air Trafic Control my lead to
reductions in fuel consumption for individual aircraft (delays of up to about 8.5 minutes in the
illustration given in Figure 18). Obviouslay, if the airline's preferential profile were to coincide with
the minimum minimorum fuel transit speed law, any transit time deviation required by Air Traffic Control
would necessarily lead to individual increases in consumption.

In addition, since the nominal, preferential speed profile is usually faster than the operational
minimum allowable speed, a considerable amount of fuel can be saved by decelerating and transiting at
reduced speed instead of holding, even at high altitude , as is clearly shown.

3.3. Limitation of control range

The operational speed range governs the range available for the control of the time of arrival. This
increases with the extent of the zone. Nevertheless, if the distance from entry to touch-down charaecterlse 1

the aone extent, only part of it Is actually available for control, that is to say the cruise phase lesm n

_ IL
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initial decision buffer of some 10 to 20 rm, and the enroute descent phase, excluding approach and landing
phases. Accordingly, the distance over which speed control can be exercised may be roughly 30 to 50 miles
shorter than the total route length in the zone.

As an example, for a wide-bodied aircraft of the Boeing B-747 category, over a route length of 200
ni, the transit time may vary between 28 and 42 minutes and the transit fuel required from 3,450 kg to
4,830 kg. depending on the entry cruise level and transit speed, showing a difference of 40 % between the
extreme transit conditions.

Zone A/C 1A A/C 2A A/C 2B A/C 3A A/C 30
extent cruise level (FL) cruise level (FL) cruise level (FL) cruise level (FL) cruise level (FL)
(nm) 200 250 300 200 250 300 200 250 300 200 250 300 200 250 300

_ _ _I I I I I I I I I I

100 1151 841(+) 109 109I(+) 221(+)I(+) 324I(+)I(+) 7261(+)I(+)

150 142 134 106 162 162 164 89 70 28 399 419 321 782 782 698

200 153 I 167 I 114 173 i 173 I181 117 I 112 I 84 436 I 466 363 827 I 852 732

(+) no speed control possible in the relevant zone extent because of the distance-to-descent required.

Fuel saved (kg) through speed control with respect to holding at cruise level

(delay period : 5 min.)

Table 4

3.4. Comparison of control of time of arrival techniques.

To cover a realistic set of flight conditions, five classes of aircraft currently operated in
Western European airspace are considered (see Table 1).

For each aircraft class, the following have been computed

(a) fuel-time relationship for the preferential speed profile (also called nominal profile);
(b) fuel-time relationship for the smooth cruise-to-descent speed transition law (or quasi-optimum);
(c) comparison between cruise/descent speed profile control using the smooth cruise-to-descent

Itransition law and other delaying techniques.

In each case, this information was generated for three zone extents and three cruise altitudes, as I
applicable. The resualts presented in Reference 14 are summarised hereafter. The differences among

conventional methods are relatively minor; holding at cruise altitude (using the aircraft's specific
holding procedure) is slightly better than holding at low altitude (5000 ft) which, in turn, appears
slightly better than path extention at cruise conditions. Path-stretching at low altitude is even worse and
therefore does not figure in the diagrams.

In contrast, the difference between holding at cruise altitude and cruise/descent speed profile
control using the smooth cruise-to-descent speed transition procedure is appreciable. Accordingly, it is
only this part of the results obtained which is presented and discussed in this summary.

3.5. Absolute values of fuel saving through cruise/descent speed profile control.

The amout of fuel saved through the application of cruise/descent speed profile control using the
smooth cruise-to-descent speed transition procedure rather than holding at cruise level is shown in Figure
19 for aircraft classes 2A and 3B. Data are prc..ented for two typical zone extents, namely 150 and 200 nm,
and two representative cruise altitudes, namely FL 250 and FL 300 for aircraft 2A, FL 300 and FL 350 for
aircraft 3B.

These diagrams provide the following information :

(a) amount of fuel saved using cruise/descent speed profile control against holding at cruise altitude;
(b) time of transit control range available through trajectry control.

For aircraft class 2A of which the Boeing 8-737 is a typical representative, Figure 19 shows that
the fuel saving resulting from profile control to compensate for a five-minute delay is of the order of 200
kg in the altitude (FL 250-300) and zone extents (150-200 nm) ranges considered. For wide-bodied long-range
aircraft, the amount of fuel which can be saved using profile control to adjust the time of arrival
incresseo apreciably. To accommodate a five-minute delay, profile control would offer an advantage of about
400 (aircraft 3A) or 800 kg (aircraft 38) over holding at high altitude in a 150.4m sone extent, when
entering at FL 300.

Table 4 provides an overall Idea of the savings which would resul, Pro the introduction of cruise/
descent speed profile control using the convenient smooth cruis*-to-descent speed transit procedure and
summarises ome of the results obtained, For a five-minute delay, It gives the absolute fuel savings In
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kilograms obtained through speed profile control rather than holding at cruise altitude. The results are
given for three zone extents, namely 100, 150 and 200 rim.

3.6. Fuel saving as a percentage of total consumption.

A comparison was made between the total transit fuel required when using smooth cruise-to-descent
speed transition control to absorb a 5-minute delay and the fuel consumed during a transit at nominal speed
followed by a 5-minute holding at cruise level for an intermediate zone extent of 150 nautical miles. The
aircraft enters at an intermediate cruise level, namely FL 250 for aircraft 1A, 2A and 2B and FL 300 for
aircraft 3A and 3B.

In the case of present commercial jet aircraft, the average transit time through a zone of 150 rim
from entry to touch-down amounts to approximately 25 minutes. It is shown that for a 5-minute delay the
application of cruise/descent speed profile control instead of holding at high altitude can save in the
order of 25 per cent of the total amount of fuel which would be required for transit.

The particular results (only 5 % saving) obtained for aircraft of class 2B, of which the Trident 3B
is the typical representative, are due to the specific characteristics of this aircraft. It is a
representative of an older generation of aircraft particularly designed for high-speed operation.
Therefore, it is most fuel-efficient at higher descent speeds and as a result speed control based on the
smooth cruise-to-descent transition procedure using only the CAS as a indication of transit speed proves to
be less efficient for such a type of aircraft. In fact the results could be improved considerably if the
simple smooth cruise-to-descent speed transition law were to be slightly amended defining the transit speed
law as a Mach/CAS combination am suggested in Section 2.

* 3.7. Transit cruise/descent speed control as against holding techniques : conclusions.

In traffic environments where aircraft cannot fly their preferential speed profiles due, for
instance, to capacity limitations, cruise/descent speed profile control using the convenient smooth cruise-
to-descent transition law constitutes a fuel-efficient transit procedure.

The benefits of such a scheduling control technique over conventional delaying procedures such as
path-stretching, diversion at cruise conditions and holding at cruise or low altitude are assessed in range
of flight configurations. In particular

(a) the flight segment (cruise, enroute descent, approach and landing phases) extends over 100, 150 and
200 nm;

(b) the cruise altitudes considered include three typical levels separated by 5,000 feet;
(c) the aircraft considered constitute a sample representatve of the present fleet of turbojet aircraft

operated in Western European airspace;
(d) the range of transit time control corresponds to the operational speed range practical for each

aircraft concerned.

'1 The comparison of both types of control procedures is made for the complete flight from entry into

the zone to touch-down. The flight essentially includes the following phases :

(a) one-minute flight at cruise altitude after entry to allow the control to elaborate ZOC-directives
and to permit the aircraft to establish an airspeed modification;

(b) the subsequent cruise phase followed by the enroute descent;
(c) conventional approach and landing for which a 20-nautical mile segment is foreseen.

For the control of the time of arrival, the transit speed law selected is characterized by the
smooth cruise-to-descent transition, that is to say both cruise and enroute descent phases are defined by
the same speed profile (Mach number/calibrated airspeed). The profile used to determine the nominal transit
in the reference profile recommended by a representative European airline for the operation of the aircraft
at the time of the investigation.

The control of the arrival time of each individual aircraft Is made in accordance with air traffic
control practice. The use of cruise/descent speed profile control is compared in terms of fuel consumption
with conventional delaying techniques over the operational control range. The conclusions of the study
include

(1) The three conventional techniques considered are about equivalent in term of fuel consumption,
although holding at cruising level is slightly less penalising than holding at low altitude which In turn
requires some less fuel than a diversion at cruise conditions. For this reason, the subsequent comparisons
will be made with holding at cruise altitude.

(2) Conventional delaying techniques require appreciably more fuel than cruise/descent speed profile
control.

(3) The economy resulting from the use of profile control is expressed quantitatively over a wide
range of flight and control configurations. It varies with Cruise altitude and increases with the extent of
the sone.

(4) The efficiency of cruise/descent speed profile control over conventional delaying techniques is
illustrated by the following example : Over a 150-nm segment (from entry to lending); and a control of the
arrival time aiming at producing a 5-minute delay, the saving of fuel would be of the order of 28 S of the
total fuel required to transit through the sone, delay included. This mean some 130 and 780 kg for
aircraft of the types Podger F-20 and Boeing 5-747, respectively.

$,,
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4. POTENTIAL SAVINGS IN AN EXTENDED TERMINAL AREA

4.1. Estimates of nato nsj ion

In the previous section, a preliminary step was undertaken to assess the benefits which should
result from the use of trajectory control in an extended area. From the analysis made, it appeared that in
a zone extending over 150 nautical miles, the benefits achievable amount to some 25 % of the consumption.
for average ATC-impomed delays of the order of 5 minutes.

- - - -- -
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)(b)

Configuration of routes inbound to Bruseels"National and London Heathrow

Figure 20

In order to obtain a practical estimate of such benefits in real life, two collections of flight
data (radar, flight plans, landing time, wind and temperature) were organised in cooperation with the
Belgian (RVA/RLW) and United Kingdom (CAA/NATS/ATCEU) Air Traffic Control authorities. Meteorological
information was provided by the ATC Authority (RVA/RLW) for Belgium and by the Meteorological Office,
Bracknell, for the United Kingdom. The samples of actual flight data collected are presented in References
16 and 17 for Belgium and the United Kingdom respectively. The method and technique used to derive the
trajectory state variables and consumption information are described in Reference 18. The detailed reasits
for the two areas covered are given in References 19 and 20. The following paragraphs summarise the
approach followed and conclusions reached.

T H-

(a) (b)

Illustration of flights inbound to Brussels (a) and to London (b)

Figure 21

4.2. Geographical areas and traffic smales

These two typical geographical areas were selected deliberately, Brussels being an example of a
aeditum-donsity terminal and London, one of Europe's highest-density ones In Western Europe. The general
structure of the zomnes considered as derived from te observations is shown in Figures 20(a) and (b) for the
Brussels and London, areas respectively. each of these diagrams also shove the horizontal view of a typical
trajectory, while Figures 21(a) and (b) give the same view for a larger part of the traffic smples
considered. The density and evolution of the smples are shown in Figure 22. Both maples have a duration
of about two hours. slightly more In the case of the flights inbound for London Heathrow, slightly les in
the ease of those Inbound for Brussels.

The maximm number of aircraft heading simultaneously for the terminal is eight in the case of the
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Brussels area, and eighteen in the case of the London zone.

4.3. Consumption of fuel

Using the method described in Reference 18, the amount of fuel burnt by each aircraft from entry to
landing was estimated for those phases covered by the sample duration. The total consumption in the area
for the inbound traffic is then obtained by summation extended to all flights concerned; for these two-hour
samples it amounted to some 75 tons in the London area, (flights inbound to Heathrow only) and 15 tons in
the Brussels area.

The consumption trend throughout the sample is shown in Figure 22, curve (a). This curve represents
the fuel consumed in the area by those aircraft inbound to the airport concerned (Brussels or London
Heathrow) between the beginning of the sample and the time considered.

The question now is what fraction of this consumption could be saved, and which technique would be
most effective in achieving the expected result ?
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Figure 22 Figure 23

4.4. Upper bound of potential benefits

The minimum (minimorum) amount of fuel required for the transit of all aircraft would be obtained if
each flight were performed on the minimum consumption profile corresponding to the entry altitude. These
consumption values have been computed and presented as curves (d) in Figure 23. Expressed in relative
terms, the difference for the complete sample is of the order of 14 % in the Brussels area and 30 % in the
London zone.

These savings can certainly not be achieved in practice, but in the subsequent paragraphs, possible
control of the flights to improve the present situation is suggested.

4.5. Reference profiles selected by operators

The operator's recommended profile generally differs from the minimum consumption profile, since it
is usually aiming at mintnising the flight cost rather than consumption only.

For the sake of consistency, the recommended profiles used here, were determined from the
observations made along the cruise and the upper part of the descent portion of the flight from entry into
the zone until noticeable intervention of Air Traffic Control occurred. In this respect, due to the length
of the routes in the zone, this determination was found to be more reliable in the London zone than in the
Brussels area.

The consumption data correspunding to such profiles appear as curves (c) in Figure 23. Obviously
these consumptions are slightly higher than the minimum ones shown as curves (d).

In view of the traffic situation these profiles say have to be altered by the ground-based control.
Would it be possible to alter them in such a way as to meet the'runway capacity constraints while reducing
the total consumption, and a a result the overall cost, in the area considered ? Firstly, we shall
o ider the application of cruise-deacent speed profile control " discussed in Section 3, then the
samential principles of the Zone of Convergence (ZOC) concept suitable for implementing such a tecihnque
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will be presented in Section 5.

4.6. Cruise/descent speed profile control

In the London area, an appreciable number of aircraft have been ordered to hold at the assembly
points, near the runway, as some may be seen from illustrations appearing in Figure 21.

With the observed arrival time sequence kept unchanged, cruise/descent speed profile control is used
within the acceptable operating range to direct the aircraft from their entry into the zone to the runway
in accordance with the principles discussed in Section 3. In other words, the sequencing and scheduling
actually observed as resulting from the human controllers' action is maintained, but the control of
trajectories, cruise and descent speed components only will cancel or appreciably reduce the holding
delays.

The resulting consumption is illustrated by curve (b) in Figure 23. In this case, the time of
transit is maintained as actually determined by the controller feeding the runway. Consequently, the
reduction in consumption resulting from the use of trajectory control also constitutes the reduction in
flight cost.

When expressed in relative terms, the savings made amount to 12 and 25 % of the present consumption
in the Brussels and London areas, respectively.

4.7. Consequences

From these two experiments., it would appear that cruise/descent speed profile control of aircraft
constitutes a major contribution to the reduction of excess consumption. This result is in line with the
conclusions of the analysis made in Section 3, where similar savings were noticed for delays of 5 minutes
for flights extending over some 150 run (from entry to touch-down). The implementation of such control
techniques will essentially require the definition of aids in order to

(a) determine the sequence of times of arrival at the runway;
(b) define and relay to the aircraft the relevant control directives.

These two aspects will be discussed briefly in Section 5 and 6. It is also worth noting that from
the observations made, a scheduling defined to maximise the use of the available runway capacity would
probably make it possible to recover about 85 % of the total potential, whereas optimisation of the inbound
traffic would contribute to only a small portion of the potential benefits.

5. ZONE OF CONVERGENCE CONCEPT

5.1. Air route structure

A schematic presentation of the route structure in a zone of convergence is shown in Figure 24. This
takes into account the present configurations (examples of actual geographical situations are given in
Figures 1 and 20) but assumes possible control of the arrival time at the assembly point f the
destination airport.

el e,

E%

Schematic route structure

Figure 24

In the diagram, the points marked "a" represent assembly points located sae 20 nautical miles from
the runway at an altitude of 5,000 foot. Points marked "e" represent the boundaries of the sone, i.e. the
entries into the zone of routes connecting the adjacent zones to the destination airport A whioh in
coneidered to be the "cntre" of the sone.

The zone Is essentially anisotropl, its dimensions varying along each route. thus refleoting the

-L !___



11-23

actual geography of the area covered. Accordingly, for convenience, the average value of the e-a distances.
duly weighted by traffic conditions and other local factors, is referred to as the radius of the zone, that
is to say the mean distance over which control of the arrival time at the assembly point is effective.
This distance constitutes a major feature of the concept. It actually governs the range of control
available and, as a consequence, the degree of effectiveness of the concept itself. The relationship
between the radius of the zone and the control potential has been discussed in Sections 2 and 3.

5.2. Basic concept principles

5.2.1. Criterion

The main criterion applied is minimum total transit cost, as defined by the operators, for all
aircraft present in the zone. In low traffic density, this entails clearing pilots to fly in accordance
with the preferential profiles recommended by their respective airlines. On the other hand, when runway
capacity is almost saturated, the criterion calls for maximum use of available landing capacity, while
still, of course, keeping the global transit cost down to the minimum.

5.2.2. Conditions at entry

No particular requirement is imposed, nor is any assumption made regarding the distribution of the
traffic at the points of entry into the zone, except for freedom from conflicts at the boundary. The
traffic considered reflectu the current situation. Future situations in particular geographical areas can,
of course, be simulated insofar as the relevant traffic trends are defined.

On entry, the aircraft could be in cruise or descent phase, depending on a number of factors,
particularly the cruise altitude and the remaining route length in the zone.

5.2.3. Available control and limitations

(a) Sequencing of landings

The reference landing sequence of aircraft is based on the times of transit from entry to landing as
derived from the preferential profiles, that is to say those profiles which pilots would, whenever
possible, follow to comply with the recommendations of their airlines.

Alteration of this sequence is considered, provided it remains within acceptable limits. Experience
gained to date indicates that a maximum position shift of two units is reasonable from the point of view of
both efficiency and individual acceptance.

(b) Control of scheduling

The time of transit can be controlled through certain variables, firstly the cruise and descent
speed profiles and secondly, where the latter are not sufficient, holding at high altitude. If the aircraft
is already descending at entry, then its descent speed should normally be maintained. If holding appears
necessary it would be executed soon after entry.

(c) Range of transit time control

The range available for the control of the arrival time depends mainly on the operational speed
range of each aircraft and the route length. These factors have been discussed in Section 2. As an
illustration to be used later, Figures 25(a) and (bl show the range of available control for the McDonnell
Douglas DC-1O aircraft when entering at 30,000 ft. The time of transit is given in (a); point "p"
represents the recommended profile. The range of control is of the order of one minute for possible
advances and about 10 minutes for delays. The use of cruise/descent sneed profile control to determine
the time of arrival is then compared with current practice in Figure 25(b), as discussed in Section 3.

(d) Profile selection

Once the scheduler/sequencer has determined the possible optimum sequence of transit times, the
definition of the cruise/descent speed profile results directly from the characteristics of the fuel (or
cot)/time relationship. As indicated, the availability of aircraft trajectory and consumption data in
PARZOC form greatly facilitates the selection of such profiles.

(e) Limitations

In addition to the limitations reaulting firom the range of operationally acceptable speeds and the
position shifts in the sequencing process already mentioned, other constraints arise from workload and
communication considerations. As a result, it is advisable to limit the ground-based control directives to
a minimum : one for the cruise, one for the descent, one for holding (if necessary), and of course those
relating to conflict avoidance, whenever applicable.

A summary of the ZOC concept principles is given in Table 5.

(M) Figures 25 (a) and (b) are given un pag 32.

... .. ... 4 I
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ZOC OBJECTIES

* Enhance safety
Controller workload reduction
Maximum use of available capacity
Minimum flight cost (transit fuelltime)

SAFETY CONSTRAINT

Separation at runway : separation matrix
Separation along route: horizontal plane : 5 nm

vertical plane : < FL 290 :1000 ft
> FL 290 :2000 ft

ECONOMY CRITERION

Minimize : (f.z + p.t) : aircraft in system
a

JCONTROL VARIABLES

Transit time control

speed profile . cruise and descent components
(allowable operational range)
If Insufficient, then

holding 1 min hold : path stretching
> I min hold: high altitude circuits

Landing order

reference first come, first served at runway on basis
of preferential profiles (fcfsrw)

max position shift 2 wrt fcfsrw reference

COMMUNICATION CONSTR I

FMS elped alc arrival conditions (time, altitude, speed) at:
* characteristic points
* assembly point

FMS non-equiped a/c: cruise speed profile (frozen at entry)
descent speed profile (frozen 1 minute before
transition to descent)

PRINCIPLE8 OF THE ZONE OF CONVERGENCE CONCEPT

Table 5

ii .,:
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5.4. Concept asaessment

5.4.1. Off-line validation

Preliminary results based on a schematic zone and computer-generated traffic samples were repor ed
in 1960 (Ref.13). Since then, the concept has been applied to actual geographical and traffic situations. A
preliminary analysis using the branch-and-bound optimising technique (Ref. 21) was made for traffic inbound
to London-Heathrow (Ref. 22). It was followed by a detailed investigation using actual flight and traffic
data representing flight operations at medium-and high-density terminals in Europe (Refs. 23 and 24). This
confirmed the fact noted in Section 4 : an extremely simple organisation of the traffic ensuring maximum
use of available runway capacity, combined with the control of cruise/descent speed profiles would bring 80
to 90 % of the potent'al benefits.

5.4.2. Ground/air liaison

Accordingly, special attention is given to the ground/air liaison required to transfer the
directives to the cockpit. To this effect, a procedure is defined and tested in real time. This will be
presented further, in Section 6.

5.4.3. ATC Real time simulation

Moreover, the essential principles of the concept are currently being tested at the EUROCONTROL
Experimental Centre, using the Centre's real time simulation facilities. Some aspects of this exercise will
be presented at the International Symposium on "ATC Contribution to Fuel Economy" (Ref.3): a complete report
on the simulation is. expected in Spring 1983. At this stage, some pertinent features of the exercise can
nevertheless be reported.

(a) Objective of the simulation

The objective of this real time simulation is to expose the ZOC concept to an actual air traffic
control environment. As this was the first simulation exercise of this nature, some simplifications have
been introduced.

(b) Simulation environment

Airspace structure

The simulation area covered the whole of Belgium. During the various exercises only traffic inbound to
Brussels National airport was considered. The airspace was divided into two areas, West and East, each
controlled from an area control position. The final part of the flight wms controlled from an approach
control position.

Hardware tools

Beside the normal SDD's and EDD's available at all positions, the approach controller was able to make use a
of an additional display referred to as the "Landing Interval Display" (LID) for visualising the sequence of
expected landings

. Exercise implementation

The standard simulation and communications facilities of the Experimental Centre were used. These were
compl1emented by a mini computer ddicatd to the calculatin of aircraft trajectories, associatAd flight

coat (time and fuel components) and the optimised sequencing and scheduling of the inbound traffic.

.(c) Organiation of the simulation

Each traffic sample was processed in three different modes

A. Current-day practice without further assistance.

B. The controller is assisted by the results from the optimised emquencer/echedular definingi for each

aircraft the transit speed profile and TOD time.

C. Automtic mode during which the directives of the sqee/echeduler wre automtically applied

by the aircraft.

t (d) Interim results

*tthe tim of writing, the ex'clse Is still In programs, and the final conlusions of the |smlatiLon are

The avalability of opastsed transit speed profile and top-cf-dasc t location wa higly MW elated by
altl paIlopa .ng owntolle.e go one disputed the basic ZOC conept. In particular, It wa abserwd that. ;

althsg tOn traffic sales vot not heavily loaded, th cantrller workloa in mods 3 wa conidelyL ,

Is" tan In moe A as inmO'sed WOW,.

2wft go asqected comments relating to th simplifications acceptedl for *he Initial oerc',ise, Imet

W~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~~~~~~~~~F- M_----t psil mremmo h on eiiintefeasan otnsofIomsip
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provided by the system and other particular aspects such as the lay-out of the "landing interval display".

5.5. Potential benefits

In view of the criterion imposed, the ZOC concept should make it possible to achie',,e the following

(a) minimum total cost for all flights in the zone;
(b) maximum use of available landing capacity, especially when traffic is at saturation level;
(c) considerable reduction of potential conflicts in the zone covered, both enroute and in the terminal

area.

The terms of the criterion could easily be adapted to particular policy requirements and thus
encourage low-consumption aircraft or even penalise carriers whose consumption is excessive.

6. THE DYNAMIC CONTROL OF INBOUND FLIGHTS

6.1. Ground-air coordinated trajectory control procedure

6.1.1. Definition

The definition and assessment of a procedure for the control of the trajectorg given a landing time
gate, constitutes an essential step for the efficient control of inbound traffic.

For a general flight configuration as illustrated in Figure 26, a number of characteristic points
are defined.

aa

\U --
"'~ I" JIL.

, ,. L.". .. .m

Definition of the route Sequence of characteristic points

Figure 26 Figure 27

They are represented as indicated in Figure 27. Besides the usual waypoints, these include for monitoring
(MON) and control (CTL) purposes :

MON-1 : entry point into actual control zone,
CTL-1 : Where to initiate, if applicable, transition from entry cruise speed (normally preferential

pr~file) to zone cruise-speed (if requested to adjust time of arrival);
NCSP : where new cruise speed is expected to be reached;
MON-2 : monitoring of aircraft progress; information to be used for trajectory corrertion purposes;
CTL-2 : initiation of transition between cruise and descent;
TOD : initiation of desce phase;
MON-3 : arrivgl over assembly point.

The procedure will be outlined in Section 6.1.2, while the ground-air messages involved are given in
Section 6.3.

- To assess such a procedure, a series of experiments were conducted in reel time using airlines'
flight simulators and qualified officers in particular at Lufthansa using the Boe, g B-737 and Airbus A-300
(Frankfurt) and at SABENA using the McDonnell Douglas DC-1O (Brussels). These experiments are reported in
References 10 and 11. The ground-based air traffic control function was simulated using a small portable
micro processor. Various air-ground communications environments could be envisaged, either present voice
coImunicatlona (R/T), or automated transfer of digitized information (data link) using printed messages, or
even a combiration of both.

6.1.2. Contents

(a) Provision is made to control the transit through cianges in speed profile at two distinct points,
marked CTL-1 ad CTL-2.

(b) Alteration of cruise speed a be initiated If necessary at CTL-l, located 10 to 20 from entry
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in the direction of the flight. In the case considered, this point was located at 20 nm from Pampus.

(c) The transition between cruise conditions and descent was initiated at CTL-2. Accordingly, the
position of this particular point varies in space, depending on the descent speed value and the difference
between cruise and descent speeds.

(d) The instructions were sent to the pilot usually thirty to sixty seconds before arrival at the
control points.

(e) The directives included

. the position of the control point (CTL-1 or CTL-2) which was given to the pilot in terms
of a DME distance to an appropriate beacon;

* the value of the speed (expressed in Mach number of CAS) for the component concerned.
namely cruise for CTL-l and descent for CTL-2.

(f) The top of descent (TOD) loction which resulted from the above.

(g) The aim was to reach the assembly point, in this case Metro (MTR), at an altitude of 5.000 feet.
For flight evaluation purposes, if the altitude over Metro exceeded this value, the pilot would be
requested to maintain speed and aircraft configuration and proceed until the aircraft had descended to
5,000 feet. However, if the aircraft descended to 5,000 feet before Metro . the pilot was to proceed to
Metro at a constant altitude of 5,000 feet while maintaining the scheduled en-route descent speed.

CA~~Ko 4bt, .

-
-
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Speed selection for the control of the arrival time Range of speed profiles covered

Figure 28 Figure 29

6.2. Plans and plan alterations

When the aircraft enters the control zone, the arrival time and speed at the assembly point MTR are
defined by the scheduler/sequencer algorithms.

A plan or prediction of the flight programs is then made, covering the nominal speed components and,
for the waypoints, monitor and control positions, the time, altitude, distance from entry, distance to the
assembly point Metro (NTR).and distance to destination.

Plan alterations were basically envisaged to update or amend the arrival time over the assembly
point. Essentially, such mendments would result either from a correction of the trajectory, following
observations (surveillance) at MON-2 or from a change in the required arrival time at the assembly point
due to a possible rearrangement of the scheduling of the particular flight concerned.

With the micro processor used, the time needed to calculate and print the complete initial clearance
was about twenty seconds ; generation and printing of the alteration directives took some five seconds.

6.3. around-air communication

With respect to the control of the trajectory, three messages were sent from the simulated ground-
based control to the aircraft. Their contents in terms of information is suma-ied hereafter

(a) Nesge 1 constitute* a confirmation of the entry clearance (route, altitude, orule* speed). It is
sent to aircraft at entry into the acne.

(b) Mose 2, whmover applicable, Is sent to aircraft one minute before CTL-l. It de ftnes the
alteration of the cruise speed. It c tains the now crule* speed, location of initiation of m r .rea
Ing -- d in 3S-di - noe rom DON.

(e) Unem 3# whenever applicable, is mt to aircraft am minute before C"'9-. it oestitutee a .~-'
notificatien of the descent speed oamponen., and c iteina the descent spe end the location of Watietla
of maesuvr (M distanoe fros Vm).

i me : Wm . -... ~ m. mm r~u. .... , ]UI
i
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Despite the modest computing facilities available, the nature of the procedure proposed makes it
possible to envisage two modes of communications, namely voice and data link. This aspect should be the
subject of specific investigations and will not be discussed further in this paper.

6.4. Illustration of the control procedure using the SABENA DC-10 flight simulator

Figure 28 illustrates the definition of the successive cruise/descent speed profiles selected to
reach the assembly point considered (in this case Metro, MTR, at 5,000 feet) at the requested time. The
cruise/descent speed profile used will be represented by the sequence

S = CR1/CR2/DE

where CR1, CR2 and DE are the speed indications (either CAS, kt, or Mach number) for the phase MON-1 to
CTL-1, NCSP-1 to CTL-2, TOD to the assembly point, here Metro.

Using the pilot's preferred profile or nominal profile (SN), namely

Sl = SN = 313/313/313 (CAS, kt)

the time of arrival over Metro would have been the nominal time (TN) that is to say 26:48 (min:sec) after
entry, in this case over Pampus.

If, in view of the traffic situation at the destination airport, in this case Frankfurt, the arrival
is to be delayed by Ml, say 3, minutes, the corresponding speed profile becomes

S2 = 313/CR2/DE2 (CAS, kt) or S2=313/279/279 (CAS, kt)

i.e. a smooth cruise-to-descent speed transition for which CR2 = DE2. The relevant directive (02) contains
the value of the new cruise speed, CR2, and the position (DME distance) of CTL-l at which the change of
speed is to be initiated. If the time of arrival, T2 is maintained, then the second part of directive D2,
namely the descent speed DE2 and the position of CTL-2 (DME-distance) where, in this case the descent is to
be initiated, is passed to the pilot, for example one minute before reaching CTL-2.

If however, in view of the situation, air traffic control required a modification of the time of
arrival as it would result from S2, for instance M2 minutes later (one minute in the example) a new descent
profile could be suggested

S3 = 313/CR2/DE3 (CAS, kt) or S3=313/279/262 (CAS, kt)

The relevant directive (03) contains the value of the new descent speed (DE3) and the position of CTL-2 at
which the change should be initiated. It is sent to the aircraft one minute before CTL-2.

Figure 28, which illustrates such a procedure, corresponds to a particular flight in the exercise,
conducted on the SABENA DC-l0 simulator.

Observed A aol lneCS

Figure 30

6.5. Rang1e of operation covered

6.5.1. Rpn f Weg tfiles

In order to test the procedure propoed, some fifteen flights were made, These included
accelerations and deceleration., which my in some cases have affected the passengers' comfort, but were In
fact selected to cover an as wide as posible range of operating conditions.

To give an ides of the range of speeds covered, a sumary of the profiles used in presented in
Figure 29 for the flights conducted on the SAUNXA DC-10 simulator. For the sake of simplicity, the diagram
shows only the ultimate profile, namely 83.

This figure also constitutes an overall sumsry of the Implementation of, and adherence to, given
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cruise/descent profiles. The crosses indicate observation data. As can be seen, the observed and requested
profiles agree extremely well, although, as mentioned below, various modes of acceleration were used.

6.5.2. Control range of the rival time

From the operational speed range of the aircraft concerned and the airline's recommended profile,
the available control range of the time of arrival is readily derived. This was discussed in Section 2 and
3 where Figure 10 corresponded to flights such as these, namely flights conducted using the DC-10 aircraft
from Pampus to Metro; the point marked "p" on the diagram corresponding to the preferential profile.

6.5.3. Aircraft operation

No request was made for particular navigation equipment as the aircraft was operated in accordance
with everyday practice. The speed-hold mode of the autopilot, available in the DC 10-30, was used at the

discretion of the pilot. For acceleration or deceleration, the thrust setting was modified either manually
or by using the autothrottle. This in fact constituted a parameter in these experiments. The descent phase
to Metro was flown at "flight-idle" power setting.

6.6. Dynamic control of trajectories

The results obtained are summarised hereafter for a typical fight of the DC-IO.

In Figure 26, the route flown is compared with the route initialy planned. As shown oa the map, the
change of direction is initiated when passing the relevant apex. This practice was used throughout the
exercise; although some reduction of length might result from the use of a circular connection initiated
before the apex. This could easily be incorporated in tlp procedure whenever required.

Figure 29 shows how the pilot follows the speed profile directives, in particular

(a) change of cruise speed;
(b) change from cruise to descent profile;
(c) adherence to planned speed throughout the flight.

The results obtained for Test number 5, for which the speed was reduced in two steps from the preferential
value to almost the minimum allowable, are shown separately in Figure 30.

I,,
w " . ,

' .  '

-I'
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(a) b)

Altitude (a) and progress (b) as planned and observed along the route

Figure 31

Figure 31(a) compares the altitude as planned and observed along the complete route. When the
results were analysed the quality of the arrival time prediction was found to be closely related to the
top-of-descent position accuracy. In the case illustrated, the aircraft arrives over Metro within 300 feet
of the expected value.

Figure 31(b) shown the progress of the flight along the touts. It compares the time at which the
aircraft is expected with the time at which it actually passes any given point along the route.

6.7. Control accuracy

From the series of experiments conducted to date, it would appear that the propoeed procedure is
suitable to control the time of arrival of the aircraft at the assembly point with a high degree of
accuracy.

It Is worth noting that these results were obtained without any trajectory update, in a standard, no
wind, atosphere. Neverthelees, the overall analysis -shown that when all the Inaccuracies inherent in the

..... , mmmnmmm mI
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ground and air coordinated control system, including human factors, are taken into account, the maximum
discrepancy in arrival time after a 200-nm flight distance remains within 26 seconds.

6.8. Impact on consumption and cost

The use of such a procedure would yield the benefits estimated in Section 3. The Figures 25(a) and
(b) given as illustrations previously correspond to the flights conducted from Pampus to Metro on the DC-10
aircraft. Figure 25(a) shows the increase in consumption with the time of transit, that is to say with the
delay imposed by Air Traffic Control as a resualt of the traffic situation in Frankfort. The diagram gives
the transit consumption for four control techniques, two being retained for comparison purposes, the
recommended cruise/descent speed profile control and the hold at cruise altitude.

Some alterations of the preferential times of arrival being probably unavoidable, at least for some
period of time. the use of cruise/descent speed control would bring benefits as illustrated in Figure
25(b) : savings of the order of 500 to 1000 kg of fuel for excess transit times ranging from 5 to 10
minutes. This would correspond in fact to a reduction of 63 per cent of the extra cost associated with such
alterations.

6.9. On-line experiments

Preliminary on-line experiments have been conducted during actual regular scheduled flights in co-
operation with British Airways and the Air Traffic Control Authorities of Belgium (RVA/RLW) and of the
United Kingdom (CAA/LATCC).

Aircraft (Trident 3B and BAC 1-11) inbound to Brussels-ational, coming from Birmingham, London and
Zurich were given precise directives an where to initiate the descent. The relevant decision being taken
some 80 na from the runway.

The meteorological information used was the one available at the Control Centre in Brussels. The
mass of the aircraft over Dover was passed to the ground using the ATC voice channel. The Integrated Flight
Prediction System (IFLIPS) was used for the profile definition and prediction.

For a series of some 20 flights, the maximum discrepancy observed at landing was less than 30
seconds. The accuracy of prediction at the 7000-ft point being appreciably better. These results were
obtained without update or correction over a 80-nm extent. An illustration of the results obtained is given
for a typical flight in Figure 32.

"ue oraooM-WNA (OC 1-Il)

1- -, "- - , - ,e- . , " - . , ' - .,U

Illustration of actual on-line prediction
includIi

TOD definition by ATC

Figure 32
7. CONCLUSIONS

In an extended area surrounding and including a main terminal, appropriate control of the flight
could apprecibly reduce the overall air transport coat. For inbound traffic only, potential reduction
could be of the order of 10 to 25 % of the present fuel burn, the actual amount depending on local and
seasonal traffic conditions.

Cruise/descent speed control Is an essential part of any system aimed at increasing the efficiency
of control in such areas. It will contribute to the reduction of overall delays and, especially for given
transit time extensions, to pprciable savings in cost.

One posible duly coordinated gromd/air control procedure is proposed. It is being tested using
aircraft flight simulators operated by airline pilots. The resulte obtained constitute a sucoessful
although preliminary assessent of the flesibIlity. aoouracy md Implicatioms of a 4-d1mensional trajectory
control executed with ommercial aircraft currently in operation.
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Further, limited experiments of active control of aircraft have been conducted during actual regular

scheduled flights, the relevant control directives being transmitted to the pilot by the ATC controller.
Although limited to some eight flights inbound to Brussels Airport, these experiments confirmed the
operational compatibility of the control procedures proposed.

The concept of a Zone of Convergence (ZOC) as outlined briefly in this paper aims at using the
available aircraft trajectory control range to control inbound flights in accordafice with an overall
economy criterion.

An optimum sequencing/scheduling technique would ensure maximum use of the available runway
capacity. At the same time, it reduces the number of conflicts in the resulting traffic, which in
principle, for given separation standards, enhances safety.

The basic principles of the Zone of Convergence concept are being tested in an operational
environment. The effectiveness of the processes under consideration, as an aid to the ATC controllers is
being assessed in real time using the simulation facilities available at the EUROCTROL Experimental
Centre. The results obtained to date are most encouraging and certainly serve to confirm the potential
contribution of ATC to the economy of air transport.
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INVESTIGATIONS ON FOUR-DIIMENSIONAL GUIDANCE IN THE TMAby
V. Adam and W. Lechner

Deutsche Forschungs- und Versuchsanstalt
fUr Luft- und Raunfahrt
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3300 Braunschweig

Federal Republic of Germany

SUNMARY

The four-dimensional (4D) guidance of aircraft in the TMA allows for precise control of the minimum
separation and thus efficient use of the available approach capacity of the respective airport. At the
DFVLR Institute of Flight Guidance at Braunschweig a concept for the 4D guidance of transport aircraft
has been developed and a corresponding control mode has been integrated in an automatic flight control
system for transport aircraft. This was tested on the DFLR's HFB 320 test aircraft. The 4D mode is based
on usual radar vector guidance technique of air traffic control and, therefore, is characterized by a
succession of flight sections with constant values for indicated airspeed, heading and descent rate. The
time-of-arrival is controlled by altering the path via a delay fan. The algorithm for the calculation of
the commanded 4D flightpath takes into account suitable wind models updated by actual wind data. In the
paper the 40 mode is described and first flight test results are discussed.

SYMBOLS AND ABBREVIATIONS
a,b coefficients for the approximation T time period

of the true airspeed TCC Thrust Control Computer
a1 ,b 1 ,c 3 d coefficients of a cubic spline function ThA Teminal Maneuvering Area

AFCS Automatic Flight Control System TOA Tim-of-Arrival
ATC Air Traffic Control
CP1  intercept waypoint on the centerline Ug ground speed

CPI, CPA boundary wypoints on the centerline UPi update waypoint

CPU central processor unit vIaS  indicated airspeed

d differentiation vTAS  true airspeed

FCC Flight Control Computer vw wind velocity

FL Flight Level x, y components of the flightpath

FMS Flight Management System oa wind direction
FP fan waypoint difference

g gravity constant e pitch angle

GT waypoint at the merge gate 0 standard deviation

h altitude bank angle

I drift angle x course

p exponent of the physical wind model * heading

q factor of the physical wind model * turn rate

r 1 , r 2  coefficients of a quadratic function SUBSCRIPTS

STAR Standard Arrival Route E east components

t variable time parameter N north components

o reference value

1. INTROOWTIOU

The increase in air traffic during the last decades and the restrictions with regard to noise want along
with a considerable increase in flying time. Long and time-consaft take-off Md approach procedures and
a limited airspeed below FL 100 became necessary. Every day the limit of airport asprach capacity is
reached or exceeded sveral times at large international airports such as Frankfurt. Therefore coeestion
and uneconmic delays occur [1, 21.

Nominally the aircraft is supposed to follow the predefined standard arrival route (STAR) and the crre-
sponding altitudes published for the respective airport 13). During traffic peaks howemr the aProach
flightpeth deviates frem this standard arrival route and the pilot then receives idivild t instruction
via VHF CON frm air traffic control. The aircraft motion is displayed on the controller's radar scroew
and on the basis of the radar picture the ctroller allocates courses and Speeds (redar vectors) a wall
as altitudes to the individual aircraft, is order to Wide it to the cnterlime at a suitable separation
betmm aircraft.

There fIs a i lmm eparation on" i bu eIve aircraft which must not be violated during
final approach. The smpretion marin oot to be Advstod at the mere gate at the latest, i.e. on te
extended rummy conterlin shortly before the glidpt IS Intercepted. For safety renem the cWtroller
has to keep a reserve in seperation taking into aomut pessible deviations de to:

iiii4
i ii i m - iSIS s l l i ".-
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- delays in the transmission and execution of VHF CON advisories
- deviations from the planned flightpath
- inprecise knowledge of wind conditions within the TIA.

The air traffic controllers can be supported in their difficult task by increased use of digital com-

puters. On the one hand computers can be applied for planning tasks on the ground and on the other hand
airborne computers can guide and control the individual aircraft precisely in space and time. This leads
totan automated 4D terminal area guidance system which can offer several advantages as for example:
- the mximum use of the approach capacity of the respective airport by means of precise control of mini-

m separation margins,
- a reduction of work load for pilots and controllers and
- a general increase in air traffic efficiency.

This paper describes a concept for such a system which is developed by the OFVLR Institute of Flight
Guidance at Braunschweig and which was flight tested this year.

2. SOE CONCEPTUAL FEATURES AND ASSUMPTIONS

It is assumed that future ground based ATC systems will provide an automated scheduling and sequencing
of arrivals especially during peak periods by an early, integrated planning procedure, such as COMPAS
(Computer Orientated Metering Planning and Approach Sequencing) proposed by DFVLR. using updated flight
plan and flight progress data and considering a number of constraints [4]. All scheduling and sequencing
calculations are performed with reference to the merge gate, but all control actions to establish the de-
sired timely L 30 seconds) and orderly delivery to the "metering fixes" have to be carried out on the
adjecent enroute sectors. Therefore holding procedures within the THA below FL 100 are reduced to a mini-
mum. The final spacing function 1st performed in combination with the 4D guidance system. During the THA
flight spanning from the metering fix to the merge gate the TOA error should be reduced to 5 seconds
(2o-value). At the merge gate the aircraft is supposed to have assumed a given state in speed and alti-
tude.

2.1 Share of sub tasks between the ground based and the airborne systems C
When entering the TMA the aircraft has reached a flight level below or equal FL 100 and an indicated

airspeed of less than 250 kts. The ground based ATC planning algorithm computes a conflict-free flight-
path from the THA entering point (metering fix) to the merge gate, taking into account individual requests
for fuel-saving or cost-saving speed and altitude profiles. For most of the civil transport aircraft with
their relatively similar aerodynamic behaviour the aircraft should maintain their altitude and speed as
long as possible close to FL 100 and to the maximum permitted speed of 250 kts, respectively.

On the basis of the computed flightpath the individual aircraft receives corresponding guidance
commands for indicated airspeed, altitude and lateral control. The data flow bebween ground and airborne
systems is shown in Fig. 1. In accordance with conventional procedures, aircraft without a FHS obtain

conventional radar vector and altitude information
from the ground by VHF COI however all these in-

AIRCRAFT formations are derived from the ATC planning al-
gorithm. It is part of the pilot's responsibility

to follow these comands as accurately as possible
for instance by use of automatic system like

FMIS FCC/TCC IFCC/TCC or manual control.

I Those aircraft which are equipped with a FHS
can autonomously follow 40 commands of the ground
planning. They obtain a coded informtion frm
the ground indicating the constraints for the

PILOT horizontal flightpath, the TOA at the gate, the
altitude and the speed to be maintained during
intermediate approach and at the merge gate. In
addition, information is given about the wind in

AIRBORNE t.jNK TERMINAL VHF-COM the TIM.

The FCC/TCC guides the aircraft on this path
and canrols the altitude and airseed. The
tracking of the lateral flight path t based on a

IA c Irol moe by which ateal deviatlems can beA ItR TRAFFaIuC CONTROL m e ll brwot to M and oag for a
View roail aXa 40 Wmp t an be careri at by
I tuln With comstant a 04l. I am"tm, the

Figure 1: Data flow beh'e the ground based TM error tw imtered n the wind model Is up-
system 0nd the airbne system ieted ky m Of wM masersoft obtined fram

Ortra s . If the eupPtod TA erPor es-
cod certain limits a certiem of the o"inl fltgpe b60008 mme y.

wedg of se wind is of t Pim l ammetim it see To mt o ic. l is
desired. For this rom it is -t L.;se$ I;;;A" alski0Wl daft
as well as vind data which are meswed b the a to slo sbsemI
data-1u. A 30 map of the w u pflas n he cm u be Muded an N Vf gsfj a m u) vrw tdch
megnitdO nd oacties of the I me ~e ue A l to mokO .
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At present ATC guidance commands are still transmitted by VHF CON. However, in future it is planned to
use a data-link with an appropriate airborne receiver (airborne link terminal). e pped with a data dis-
play, so that these guidance commnds can directly be transfered to the aircraft and then be fed into the
FNS after acknowledgment by the pilot.

2.2 The principle of time-of-arrival control

TGA control is achieved basically by stretching or shortening the length of the flightpath. It compen-
sates for deviations, for instance those resulting from discrepancies between actual wind and modelled wind
during approach. For this purpose the intercept waypoint CP can be moved along the centerline (Fig. 2).
All possible flightpaths form a fan area, which is limited by two boundary wypoints CPI and CPA. In case
the fan does not provide sufficient delay for TOA control because of extraordinary deviations from the
commnd in TOA an appropriate number of holdings must be performed. The TOA error is continously computed

during the approach and if it exceeds previously
defined limits an update computation is started30 resulting in a new flightpath. The initial waypoint
UPI (Fig. 2) of the now flightpath corresponds to

no the actual position of the aircraft and a new inter-
2 - SAR HOLDIN6 capt point on the centerline is determined.I20

= Once the aircraft has reached the waypoint UP2
F situated close to the centerline path corrections

UP are no longer possible. At this stage speed control
10 UF~ is applied, but only by shifting the point where

the speed reduction to final approach speed is
started.

0 / Fig. 3 represents the switching function for the

-50 -40 1;7 cCP- flightpath update a so-called time error window asCA C a function of flight tim. The acceptable TOA errorEAST is 20 seconds when starting the Q mode. In anycase, flightpath computation take place at the fan
waypoint FP and at waypoint UP2 which is located
approximtely one minute before the centerline isFigure 2: Horizontal flightpath I ntercepted. The'path correction is entered by set-
ting the switching funtion to zero. Bewen both

w it the tim error window linearly decreasesfrom 20 seconds to 5 seconds.

Tn vm2.3 Selection of the guidnce commnds

The selection of suitable guidance commads is
of greet importance for operational response and
for the integration with a partly or fully auto-
matic flight control system. The commands to be

" transmitted to the aircraft - in particular in case
of VHF CON transmissions - should correspond to
the standardized gudan c for current 3D
flightpath control systems. Thus altitude or verti-
cal speed, indcated airspeed and heading have to be

. used as command parameters.

The comanded 4 flightpath consists of straight-
line and circular-arc sepents. For the circular-arc
1 aeats a constant bank angle is coended, I.e.

Figure 3: Tin error window for flightpath the geometry of these path segmts with respect to
update the ground is affected by the wind. The straight-

line segments simply reprent rodials to flight-
path waypoints. All this does not create any compatibility problem with regard to curront mutopilot
systems.

Won the 40 approach is initiated the aircraft assvms the vIus cinen assined to it by ATC at that
tim. Then, this comand Is executed. The reduction In speed is 'Lfem at a constent doceleation rate.
In level flight a higher deceleration rote is applied thin doring descet. If a FIN is available and the
deceleratin pWile can sibly be detorined for an Idle appro ch, this can be take late account In
the 40 flightpeth algorit.

Fig. 4 sos a plot of a typica 40 approach d profile. At the begining of the approach the air-
craft decoorota to an intewitate speod and at the sme tim dosclaf to an intemadiat flig level.
Aftr dout 3 vinutm a amw flt l0vel, for ex~lo. FL 60, is cimnld.1 *ath ATC controller. Ati-
twm and speed, easiPed for the, ImI gate are alre** ackleved dMrn the Intee of the center-
line.

maim lae i fo E" I"VW*a M 4M.
of$s Pame if FtW W dl vWi

4



124 Using common airborne sensors of a trans-
sTARfT WOWu port aircraft a measurement of the wind at
END 40-wV the actual aircraft position In terms of

AL[ magnitude and direction is taken continuously.
On the basis of this measurement wind data
are entered into the computation of the 40

s flightpath as a function of altitude. Addi-
tional wind measur eets available on the

sse ground or onboard of aircraft flying ahead
are of great importance in order to update
the wind models. The following types of wind
modelling are considered with regard to how

729 the wind measurement data are processed:
-interpolation of a reference wind measure-

ment at runway level or at certain altitude
Aft and wind data measured by airborne sensors.

Ar The interpolation algorithm corresponds to
analytical relationships

-PAP - interpolation of several wind measurements
:1110at different altitudes by mathematical

-functions
- short-time wind prediction based only on

airborne measurements.

Figure 4: Typical simulated 40 approach

3. THE DETEIUATION OF THE 40 FLIGHTPATH

3.1 The horizontal flightpath

Only iterative and fast-converging computation procedures are suitable for calculating the horizontal
flightpath because this task has to be executed real time during flight. Fig. 5 illustrates the basic
geometric problem which has to be solved.

The following equations apply for the circular-arc path segments affected by the wind:

t
x -R . sin(A*-lv) + sin(lv)l + f vwE dt (1)

0

y - R [cos(lv) + Cos( W Iv) + * vwn - dt (2)*

R - vfAS/(g-tan *)(3) 1
The basic task to be carried out first

is to link a radial from the 40 waypoint E
to the bent path segment by means of putting

3 vwE up a tangent. The following equations apply
at te pintD werethestraight-line segmt-L begns and the bent segment ends:

L WIM m- (dy/dx) /(dxdx) (4)

m2 u (YE-YO) / (xE-xD) (5)

i.e. the direction q2 of the straight-lineD segment frem D toE must be eopal to the

/ If the derivatives of equations (1, 2) are
'~,. A S / Ciserted Inte equation (4). the reult Is a

non-liner, trenscas deet equation which can be
-1 02 m 3 solved numerically byusin an Iterative pice

dere. Since the bniia "IofsOfgei*
N ratten cam be prectely valebo £ eoeo

the uiqlometry of the 1111hteth. 2 to
Figur 5: Coanectimn of straight-line and 3 Iterationa are sufficient to determine the

circular-arc mep t course angle to the wayPoint b, I.e. with an
accra of oaot 0.01 degrees.

if tom bent inPot e eb linkd b as c anenet It is possible to transfer this took to the
basic pro-i deciMe as"v. Again esly isesatteas are auwfcemot he 9alve this kind of 1 lm h

06M I~esis9We to $l41A a ~ bw ar to f dSmss fi ih th updt. = precedVenPusdrti ,y pr*s a - :eL
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3.2 The 40 flightpath

Based on the horizontal flightpath. the corresponding TOA at the merge gate is calculated with refe-
rence to the altitude and the speed profile. For this purpose the knom profile of the vIej is used to
calculate the vT S using the equation (6). The influence of air density as a function of altitude is cove-
red by an approxiattion:

vTAs a v As • [1+ a-h + b-h2]  (6)

The ground speed can approximately be calculated by use of the track angle x, vTAJ and the wind des-
cribed by the tind model. According to the wind triangle shown In Fig. 6 Eq. (7) applies:

ug " TAS - 0.5.vw2 .sin(x-)/vTAS + vw.cos(x-GW) (7)

3M0 The calculation of the flight-time elapsed on a
I00 leg AL requires an integration of the time-dependent

kts Iground speed:
AL

AT - I dL/ug(t) • dt (8)

200 0
This cumbersome integration can be avoided by

means of a numerical trick. To do this ug(t) is nume-
rically integrated until the integral reaches the
value AL. The number of steps required multiplied by

100 the time interval of the integretion then gives the
desired value AT. Relatively large time segments are
possible because an interpolation calculation is made
after the last step.

If equation (8) is applied for the circular-arc
, I /W osegments too, the value of AL would correspond to the

0 100 20 kts 3M length of the bent segment. In order to avoid calcu-
lations of great time consumption the turn rate ; and
the change of the heading angle A# are used instead
of ug and AL.

Figure 6: Wind trianglea*A
AT - I d/;(t) = f d*.g-tan/vTAS'dt (9)

O 0

The time AT again is obtained from the number of steps &#. Finally, the flight-time for the complete
3D flightpath Including the altitude profile is obtained by adding up the flight-times of the individual
segments of the flightpath.

The calculation of a 4D flightpath, however, requires the inverse procedure, i.e. the flightpath mast be
determined for a gyvn TOA at the merge gate. However this direct ay includes cmlicated numrical proce-
dures, and for this reason an iterative method is used again: The TOAs of 2 different flightpaths TOA1
and TOA2 are calculated. for xap.le, for the corresponding distances of the intercept wapints AC?1 and
AC2 frm the meg gate. Because of the smooth relation between AC? and the desired TOA desired
distance ACP can be obtained by linear interpolation In accordance with equation (10):

AC? - ACP1 + (M.2-a. 1 I)/(TOA2 -TOA1) , TOA (10)

At the beginning of the 40 approach the inner and outer boundary waypotnts CPI end CPA are selected for
aC?1 and ACPp respectively since the corespending flightpoths have to be calculated anyway In order to
dtksnet W mini" TGA and the numer of holdings, if necessary. For the 40 flightpat udtot to c en -
sate for T0A errors, it is sufficient to locate aMl and ACP2 approx. 500 m apart of the actal intercept
waypoint in order to receive a high level of accurcy for tgle interpolation.

3.3 Vertical wind moel
brq the flight ulerimmnts Of tie 40 made the wind meesurmast is carried out by the atrCreft's iner-

tial navgation systi (In) anm the digital air data computer (OWC).

3.3.1 1e latton of w-1l AM by asltical relatie hips

Th wind profle a be A" lted OW the equatiom (11):

Tim vlw of p veries d on theear tPo . th distribution of the static
T0 awl awl t vl "rpva e b 1 of thelo r tha et. n itcrtld is

* eilt1L e.Ukmt ImU~W ib e y at a itit but
7ftot Oltb" P a of 4610 I Mu0M*hg ime

A Imier IebnO"h tt wa"heto w fOr O n dhwstie qO The fadt q can be e11tOd by rn
aind - 1*W 11e.
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011 o+ q (h-ho) ; h h0  
(12)

cn order to check this wind model, data from weather balloons launched by the aeronautical meteorologi-

cal office at Hannover Airport were used. These data showed adequate correspondence in most cases. The mean
value of the deviations was 1 kt with a standard deviation of 4 kts. However, this relatively simple wind
model did not give an adequate description of the measured wind profils on days when inversions were ob-
served.

Fig. 7 and Fig. 8 compare the measured and
m eiw. -(- modelled wind profiles for 2 different days. The
mNUm =modelled wind profil corresponds to the equations

MMi (11) and (12). Whereas in Fig. 7 the wind modelgives an adequate description of the measured
I. data, deviations of up to 20 kts occur in Fig. 8.

On the 4th of June 1979 the wind magnitude even
partly decreases during the climb of the balloon.

. - .This clearly demonstrates the problems involved
- -;in finding analytical relationships for wind

I. rprofiles: although from the statistical point of
view these relations give an adequate description
of the wind profiles on average, possible large
deviations on particular days can cause un-
acceptable TOA errors.

onr aton of wind data by a spline

Figure 7: Comparison of measured and modelled wind Interpolation of wind data by a spline function
profiles for the 16th of June, 1979 is based on a number of wind measurements by

ground based sensors and by aircraft flying ahead.
mU (IM) -.- In the 40 system presented here a cubic spline
EmIVmU (EL) -- function was used (Fig. 9). The full range of

altitude during the 40 flight is separated into
4 sections and for each section a total of 4
coefficients are assigned. To ensure a smoothly
curved wind profile the calculation of these

M "coefficients for each segment is based on the
___.... ........ .._ boundary value of the preceding and the following

section. The result is a wind model as described
for the east component of the wind by equation(13):

" _.•_i_1-"_,_Ej_ + L h ) hLdL (h-hL-l) ; L - l.....4  (13)

4I ring the test flights the wind data are

derived onboard the test aircraft itself, which
Figure 8: Comparison of measured and modelled wind measures dnd stores wind data during climb before

profiles for the 4th of June, 1979 initializing the 4D mode. After the 40 mode is
engaged actual wind data update the coefficients
of the spline function.

N*LI L2-4 Ls3 -a La4- The advantage of this method lies in the fact
60 that the wind Is modelled exactly if It changes

slowly. Hower, this method does require a
kts ground-to-ir data-link by which the relevant

spline coefficients or certain sets of wind data
have to be tirasmtted.

I I 13.3.3 Short-time prediction of wind profiles
h. hoI h h The sheet-time wind prediction - on the basisof ctal wind m mm mt - takes into account

the fact that extremly accurate wind values are
needed for the last path correction. In this case.
the wid has to be predicted for the time inter
nal of approitmtely ne mimte necessary for the

30 0 FL IN last 1000 ft altiteis ehenge dow to the altitude
at them ra A9l previous wind measurement

ALITUE dat of the entre 45 e flit are taken
Into account in ordir to aihteve the meet accurate

Figur 9: Cubic spline fectiem wi predictem.

101atine of ft wind PaE44% as a Ilm"tl of the dwi .ge tom WIf Aid O
VON~p ip40 0 0 ~out "ewan. or ed

east aepemal f the will mpmle mll)i (IS) mm (1) mmpmm
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E *WOmE + E (h-ho) +r2E (h-ho)2 (14)
r 1E 0d(wE)/d ; huh(6

r2E ' O.5.d 2(vwrE)Idhl ; h heI (16)

4. REALIZATION OF THE EXPERIENTAL 401GUIDANCE SySTEM
4.1 The flight control System

FLIGHT
IVFI5S 3d SYorE tW8 320 tCARt aIrcaV) h

Fiur 0:Stutue fth dgthis sy-igt mer.0 has gterarlcast rfo

An integrated7*digitalaflight contThl cntroFig
PRESENT~~~~ ~~~ POsT uIT P ~ ~ t twelsed-for moe 40 ghidch tepits itrwen

Pan~ ~ OVOOe bay.in the autmaicsyte atn tim iy coperatin th
1coro whee he W ca nd cWTe [15 ve6ica speed.

RSIBIITYM DONEST : C ito tur t no ehio eyetvl.Teetoiofttrt

keyed ~ ~ go in fitspnl tMretcl trcmude for
HO.DIG PATERN MD loner flight phaessuh e te mod e, Wa oo the lo

FLIHTPATH FROT tuckin IWIU autopiion.T/pohte ba controlmdes. aethe flgcon
PRESNT PSITON T FPFtioiat to * " algtWth mode yic toe pled canitrvnile

Pon nypo cntrolo systef at pe loop. d peatin cotThe
TM0 Tk!Ut contmols wea huer ca:0ilu, l 1a ertthrottle.d

SIOTESiT AND Itrsst medalsat Cetr stvircham. b ay ptlm

ftkftPvmr fo

HODNfATR N ogrfih hmsc h Dot oto h

FLePAT TWWATO I m~ t Ucnrlio. The *flih con

trol a''Itt Ile li~r~
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Typical CPU times as required in a Norden 11/34 N computer for the different calculation steps are listedin Figure 12.
A flightpath pre-calculation 3.5 s

Al : initial turn to t FP 0.04 s
A2 : flghtpath to the FP 0.06 S
A3 : horizontal flightpath 1.00 s
A4 :holding pattern 0.50 s

B : TOA error computation 0.3 s

C : flightpath update 3.0 s

Figure 12: CPU times for different calculation steps

In particular three values of CPU time are important, namely those for:
- the pre-calculation of the coplete 4 flightpath (part A),
- the continuous calculation of the TOA error (part B) and
- the determination of a corrected flightpath (part C).

A total of 3.5 seconds are required for part A. If no holding is necessary, only 3.0 seconds in total
are sufficient to determine the complete 40 flightpath.

4.3 Operation of the 40 mode

The pilot inputs are made on the data entry panel of the AFCS controller shown in Fig. 13.

ALT 3D

"I ML

GM Tj: PT A 
VOkYR~ HOLAft L126 [j] AT N INREAD OUT INE f-if-SA

Q U' L, JOFF ACO

G14T :actual time in absolute numbers FL/ALT :commanded flight levelh
'VC : commnded airspeed ERR : error code
WIALT : altitude of the reference wind 4D code number of the approach route
WISP : magnitude of the reference wind WIMO code number of the wind model
WIDI : direction of the reference wind TTGO : time-to-go in minutes
TOA : desired TOA at the gate in ab-solute nmrs

Figure 13: Front panel of the AFCS controller

The actual procedure for a typical test flight is as follows:
1. Before take off the code number of the wind model used during the test flight has to be keyed in. The

following code numbers are available:
1: wind model corresponding to Eqs. (11) and (12)
2: wind model corresponding to Eq. (13)
3: wind model 1 including wind prediction (Eq. (14)
4: wind model 2 including wind prediction (Eq. (14)

2. The pilot keys in the altitude and speed assigned by ATC. These commands are fed into the automatic
flight control modes altitude squire (ALT ACQ) and speed control (VC).

3. The reference wind data are fed in.

4. The code number of the approach route to the gate and the altitude and speed for the intermediate
approach are keyed in.

S. The 40 mode will, be initiated by pressing the 40 NAY button and the aircraft immediately starts the
approach by trAcking te shortest 30 flIghtpth.

6. The sMoto-go corrsOdigo the lnim TM is now displayed and the pilot feeds in the desired TOA
with the left selector switch on pesitfos TM.

'. If an altitude ** for 111 ffaIoftiw t approach is assigned by ATC the corrmo Vn flight level
has to be keye in. A desent rate of IO ft/min Is automatically assigned. This descant rate can be
dchuged bW me of thm AMl V/S tole switch.

7
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In addition to the conventional instrumentation on the instrument panel and the AFCS controller panel
the experimental system is equipped with an electronic map display shown in Fig. 14.

The following parameters are displayed

_ m _ _ _ .J . J - code number of the approach route to the gate
S250 1 o GMT15: 07 - mode of the flight control computer

--. TOA 15 : 20 - track angle
TR330/20 - - heading

TRCK 079 0 WA 330/20 - ground speed
NDB CEL / \WA 325/25 - actual wind data*D CL .- TOA error and its switching function
HOLD 01 / 0m -TGO absolute and relative times
RT / 12 - important waypointsTRCK 170 - symnbols for the actual aircraft position

TCP CL.- 13- - number of holding
BRU 065 - symbols for descent and speed reduction
LT "7 14  - description of the pre-calculated flightpath
TRCK 0 . for manual flying/ - a list of the data keyed in by the pilot can be

1 displayed on request.

4D NAV 4D NAV All signals required for flightpath control
123 " 85 NM are provided by the onboard sensor system in a

suitable filtered form. The amount of signals as
well as their quality meets the standard of modern

Figure 14: View of the electronic map display transport aircraft. The essential signals are
provided by a digital air data computer (HONEYWELL

a START 4D-NAV DADC), an inertial navigation system (CAROUSEL IVa
8 "E 40-NAv INS) and rate gyros and accelerometers mounted in

ALTITX the body-fixed coordinate frame. For the flight
lee tests the area navigation capability is established
rC. by the unaided CAROUSEL IV INS. The position errors
e are limited by means of a careful alignment phase

and relative short mission time of approx. 30
Be minutes. The CAROUSEL IV position error is about

200 m at the merge gate. This corresponds to a
is TOA error of about 2 seconds. This sufficiently

complies with the accuracy requirement in TOA con-
2e trol of less than + 5 seconds. With regard to the

area navigation systems for operational use in
.. 4D guidance it becomes apparent, that no higher

precision level is necessary in position deter-,. /f minatin.

5. FLIGHT TEST RESULTS

First flight tests of the 4D NAY mode took I
place in the Hannover and Braunschweig area in
summer 1982. A large number of flight tests are
planned in order to tnvestigate various TOAs,
speed and altitude profiles and wind models In

Figure 15: 3D flight path of flight test 12/2 varying weather conditions.

The flight test selected for this presentation

MUCAM A1M (KIS) - took place on Nay 25th, 1982. On this day an
A.117 (f1 ) interesting wind profile was observed with a mini-

inim magnitude of approx. 10 kts at FL 60 and a
value J 20 kts at FL 100 and FL 30. The 3D flight
path is shown in Fig. 15.

The 40 approach was started approx. 45 nm off
the gate. The fan waypoint is located at a NB

. . . .radio station. Flightpath command updates are
performd by mans of small course changes during
intermedlate approach. The desired TM at the
merge gate keyed in on the AFCS controller panel
by the pilot wes too late to enter the fan
directly, i.e. a holdilng had to be flow that was

s mplanned to take exactly S minutes flight-time.
6 4 S 2 3 II U

TPM - Fig. 16 shows the airspeed and altitude pro-
files assoctated to this approach. The descent

Figure 16: Speed and altitude profiles of 11 took place ta to steps and the speed ws reuced
test 12/2 correspond:g to the previously defined decele-

rtion rates of 1 kts/sfor level flight and of
0.2 kts/s during descent.

K
t
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In Fig. 17 the ground speed and the course
mUN iM (M) angle are plotted. The ground speed reflects the
Win O (M.) comanded steps of speed reduction and, depending

4on the value of the course angle and flight alti-
tude, illustrates the influence of the wind, acting
on the aircraft from various directions for example
while the holding is performed.

The TOA error for the selected 40 approach is

Mn shown in Fig. 18. The holding was executed at
FL 60, at which a deviation of approx. 10 kts was
observed between the wind model and the actual
wind profile. This led to a relative TOA error of
about 20 seconds when the holding procedure was
finished. At the fan waypoint an update comu-

S, mtation took place taking into account the correc-
1 4 s 2 1s MN a ted wind profile. The last update compensates for

TOE a relative TOA error of approx. 5 seconds. By the
time the gate was reached the TOA error was re-

Figure 17: Ground speed and course angle of duced down to about -1 second.

flight test 12/2

6. CONCLUSIONS

T, '4- -YM. __ For the best use of airport approach capacity
TIME VINO the 4D guidance system is an essential and pro-

4- mising element of THA flight guidance automation.
The system presented in this paper was developed
for use during TMA flight from the metering fix

s to the merge gate located on the extended rurway
9 centerline about 12 nni off the runway threshold.

At this point the aircraft is supposed to have
I assumed a given state in speed and altitude at a

given time. First flight test results have shown
that the TOA error at the gate meets an accuracy
requirement of 5 seconds.

- ________m __ _ Flightpath stretching or shortening via a de-
* I 12 ms , * lay fan is applied almost exclusively for time

TO -control and indicated airspeed is used for speed
commands as conventional. This alows for manual
flying of the comnded 40 flightpath and to main-

Figure 18: TOA error and time window for flight tain a fuel-saving state of the aircraft as long
test 12/2 as possible. The speed and altitude profiles are

composed of a sequence of constant values corres-
ponding to the usual radar vector guidance comands. The altitude is assigned by ATC. Different wind models
are beeing investigated, in order to find the one best suited for the actual wind rofiles. The accuracy level
achievable in 40 system above all depend on the precise knowledge of the wind pro ile along the pre-calcu-
lated flightpoath.

Iterative and fast-converging algorithms were developed for the calculation of the flightpath, TOA error

computation, path correction calculations and holding computations. The hard- and software components were
tested on the ground by mans of the precise simulation of the WfB 320 test aircraft.

First test flights were started in May, 1982 and a typical 4 approach from this test series is shown
in order to illustrate the principle features and the performance of the 4D System.
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